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PREFACE 


The verb “to teach*’ seems so presumptuous that it is often embarras- 
sing, for when new acquaintances discover that this is one’s vocation, 
they immediately ask, “What do you teach?” Personally, I never know 
how to answer. Indeed, when grading time arrives, only the lamentable 
lack of an independent income and die indelible image of the hungry 
mouths at home deter me from plunging my class records into cleaning 
solution and fleeing far back into die wooded hills. What, indeed, have 
I taught! 

Between grading periods, however, teaching is stimulating, challeng- 
ing, satisfying, and real fun. Furthermore, it is educational. Whether 
educational for the student may be debatable, but no one who has tried 
to teach can deny that he has diereby learned something. If one thing 
that I have learned stands out above the rest, it is the importance of 
developing genuine understanding on the part of the students. Stuffing 
a student with facts he cannot understand seems quite useless. And cer- 
tainly memorization, so indispensable a part of learning, can be gready 
aided by understanding. Indeed, it is questionable whether memoriza- 
tion without understanding deserves to be called learning. 

The learning of chemistry poses two great difficulties from the very 
beginning. The first is the unseeable nature of the fundamental particles 
on which the whole science depends. Students are expected to become 
familiar with electrons and nuclei, atoms, ions, and molecules that may 
remain forever invisible. The second difficulty is the inherent complexity 
of even the seemingly simplest phenomena, which has caused far too 
wide a gap between interpretative and descriptive chemistry. Indeed, 
explanations of many common chemical phenomena have not even been 
available. For these reasons students have been eqpected to memorize 
far too much without understanding. 

My major research interest, therefore, from my first day of teaching 
thirteen years ago, has been to find reasonable, yet relatively simple 
explanations of common chemistry, and to devise methods of increasing 
student understanding through visualization. This research has led to 
the development of some simple concepts of chemical bonding and 
properties that have been easily incorporated in visual aids. Especially, 
colorful new atomic and molecular models have been devised which can 
be extremely useful in helping students to learn. 

iU 
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The atomic models represent the relative radiu^ the outer sheU eleo- 
tromc conEguraUon, and the electronegativity The molecular models 
represent the geometnc structure, the bond order and polanly, the ap- 
proximate charge distribution, and the outer electrons and orbitals that 
Le not involved duecfly in the bonding The models are easily con- 
structed from inexpensive and readily attainable materials 
Aimed with but a few fundamental facts concerning the meanmg 
of the models and the nature of matter, a student can look at any atomic 
model and see at once how many covalent bonds the atom can form, 
what their spatial arrangement will be, and whether it can then act as 
donor or acceptor He can also make a reasonable guess as to the prob- 
able state of aggregation of the free element, and from this, predict its 
physical properties Viewing two different such atoms, he can easily 
predict whether they can unite through covalence, and if so, the formula, 
geometnc structure, and direction and approximate extent of bond po- 
lanty in the compound He can then make reasonable predicbons con- 
cerning its general physical and chemical nature 
From mspection of a molecular model, a student can not only denve 
an understanding of the physical and chemical properties of the com- 
pound, but also deduce what kind of atoms must have been needed in 
order to form such a compound 

In short, the models are an invaluable aid to understanding My own 
teaching experience has made them now seem so mdispensable that it is 
difficult to remember how I ever managed without them Others have 
also found them useful, and at the time of this writing, they are being 
used in several hundred colleges and high schook 
This book has two purposes One is to make the new teaching methods 
developed from these concepts and models more useful to teachers al- 
ready some>vhat famihar with them The other is to inform other teach- 
ers of the possihihbes for improved student understanding that these 
methods offer 

The book contains all I have learned about coustructmg such models 
Detailed instiuchons for the construction of models of atoms of the 
elements and of about 400 mdmdual compounds are mcluded Models 
of the more famdiar types of crystal structure are also described The 
3- pagK of actual photographs of over 260 such models, half m fuU 
color, should be especially useful The general mfonnatiou enables a 
pmon possKSmg the basic structural data to calculate values and con- 
struct a model of any expound chosen Extensive tables to faciUtate 
calcul^n are provided here, for the Erst time anywhere Startmg with 

Ae SaTrf '^'3J“ted. you can look up m these mbles 

the estimated smgle-hond radius and the partial charge of any of the 
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major group atoms in any of their compounds. The book also suggests, 
in considerable detail, some of die more effective ways in which you 
can use these models in lecture, laboratory, and other demonstrations. 

The National Science Foundation, Course Content Improvement Sec- 
tion, has aided this work by contributing to the production of three 
filmed lecture-demonstrations of die construction and teaching apph'ca- 
tions of such models, and also by giving financial support permitting a 
more extensive investigation and development of such teaching aids 
than would otherwise have been possible. This cooperation has been 
gready appredated, as has been the help of the Graduate College 
of the University of Iowa, which gave Vandal assistance when, in 
the early stages of development, it was most needed and most difficult 
to find. 

Comments and suggestions from my fellow leamhelpers will be 
welcomed. No small part of the inspiration for writing this book has 
come from the interest you have already shown. 


Iowa City, Iowa 


R. T. Sanderson 
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ATOMIC MODELS 


The dynamic reality of an atom could never be reproduced m a visual- 
izable model, and it would be absurd to judge a model by how closely it 
approximated our concepbon of what an atom would look like if en- 
larged to visibility What, except its relative size, could you tell about an 
atom by looking at it^ Presumably, atoms of all the elements would look 
very similar in other respects 

An atom does have certain qualities which, although only one would be 
visible if the atom were sufficiently enlarged, determine its distinguishing 
charactenstics These qualities cannot be reproduced, but they can be 
represented in a simple model Such models are readily and inexpensively 
constructed Their use will become indispensable once teaching methods 
have been adapted to take full advantage of the models as visual aids The 
use of models imparts conceptive understandings not otherwise available 
to the student 


DESCRIPTION 

The qualities which are most significant in determining the physical 
and chemical properties of an atom are radius, electronegativity, and 
outer shell electronic configuration The models considered here consist of 
painted spheres, to whose surface are fastened small balls, in appropriate 
number and positions The relative covalent radius of each atom is repre- 
sented by the relative size of the model The electronegativity is repre- 
sented by the color the scale is red for low, yellow for intermediate, and 
blue for high Thus a complete range from very low to very high elec- 
tronegativity values IS indicated by colors from red, red orange, orange, 
yellow-orange, to yellow, yellow green, green, blue green, and blue The 
outer shell electronic configuration, including only the four orbitals 
originating from an s and three p orbitals, is represented by four pairs of 
small spheres fastened to the surface of the atom These appended 
spheres are painted white to represent an electron, black to represent a 
vacancy where an electron might be accommodated A pair of white 
1 
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spheres thus represents a pair of electrons (a filled orbital), one white 
and one black represent an unpaired electron (a half-filled orbital), and 
a black pair represents an empty orbital The electrons are distributed as 
in bond formation — no pairing of electrons in a single orbital until at least 
one electron is in each orbital 

How many atomic models are desirable for teaching? Even one is 
better than none, but I would recommend a very minimum of ten, repre- 
senting the elements of atomic number 1-10 The next ten would also be 
worth making With a set from hydrogen to calcium some very valuable 
lessons can be taught Later you may at least want to complete your 
collection of the inert and inert shell and 18 shell type elements To com- 
plete the periodic table you will perhaps want models of^ the transition 
elements In the following discussion assume that a set of models of the 
first twenty elements is available What is said about these will also be 
applicable to others 

The complete directions for construcbng these models begin on page 
17 In order to visualize these models belter here, the following verbal 
description is given for the first ten elements See also Fieures C 1 and 
C-2 • ® 

1) Hydrogen On a scale of 3 inches per Angstrom, this model painted 
a pale yellow green, is a sphere about 2 5 inches in diameter Attached to 
It about half an inch apart, are two spheres an inch in diameter, one 
white and one black 


This sphere is about 6 inches m diameter, painted black, 
gen modd ° ^ «>'.te spheres attached to it as m the hydro- 

has tan ® ■" bnght red, and 

o^e TI, r “re black and 

S of - -aginary 

telraheion circumscribed by the hthium sphere 

with two'half ened^Tr"? 7 m ® ■" 

a square arou^dThe r 

the only consideration ) ^)'"’™*ry m the model being 

and^LfdTIe^halSr^?? ^ ■" ^anre'^r, 

of an equilaSl “ ->'.,e pairs) at the corners’ 
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6) Carbon This model about 4 5 inches in diameter, is a yellow green 
sphere, only faintly greener than the hydrogen To it four half-filled 
orbitals (black and white pairs) are attached at the comers of a regular 
tetrahedron 

7) Nitrogen This model is green, slightly bluish, only slightly smaller 
than the carbon, and has four orbitals also attached at the comers of a 
regular tetrahedron Three are half-filled, the fourth filled 

8) Oxygen This greenish-blue model is nearly equal m size to the 
nitrogen model, and has two half filled and two filled orbitals at the 
corners of a tetrahedron 

9) Fluorine This model, practically the same as oxygen in size, is 
blue, again with four tetrahedrally placed orbitals, but with only one 
vacancy 

10) Neon The model is a black sphere 8 inches m diameter, with four 
pairs of white spheres attached at the tetrahedral corners 

USES IN TEACHING 

Some of the most effective teaching applications of atomic models are 
in con]unction with molecular models, and will be described later The 
following discussion emphasizes the uses of the atomic models alone 

Belative Sizes of Atoms and of Their Ions 

You will find it desirable to stress to your students that the electronic 
cloud which comprises the exterior of an atom is both nebulous and 
deformable Consequently, no definite “skin” or outer boundary of an 
atom exists, the electronic cloud only gradually diminishing to nothing- 
ness as its distance from the nucleus increases The most definitive indica 
tion of the outer limit of an atom is its closeness of approach to another 
atom, which can be measured experimentally as the distance between 
their nuclei Two kinds of intemuclear distance are observed, depending 
on whether or not a bond is formed A covalent bond permits — indeed, 
requires— closer approach than is ordinarily possible if no bond exists 
Half the intemuclear distance between adjacent like atoms is taken as 
the atomic radius The radius in the direction of the bond is the "covalent 
radius ” The larger, non bonding radius is the “van der Waals radius ” 
The atomic models are constructed to represent the covalent radius 
This means that your students must imagine the electronic cloud to ex- 
tend outward from the model m an elastic, invisible barrier to other 
nonbonding atoms, but correctly to represent the closeness of approach 
necessary for bond formation 

The scale of 1 5 inches per Angstrom recommended for the “medium” 
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size models is equivalent to a linear magnification of 381 millions to one 
A table tennis ball, enlarged to this extent, would be a bttle larger tha 
die earth A comparison such as this can help your students appreciate 
the relative sizes of atoms and the models m their proper perspective 
The hydrogen atom is, of course, smallest of all the elements, and its 
model represents one extreme Cesium atoms, with the probable exception 
of those of francium, are largest Your students will easily realize from 
comparing these two that all atoms are, within a factor of ten, alike in 

diameter « a. ». c 

For example, if you have models of the ions as well as the atoms ot 
sodium and chlorine^ you can show very clearly that increasing the num- 
ber of electrons causes a large amount of expansion in the electronic 
cloud of an atom Decreasing the number of electrons causes a cor- 
respondingly large contraction 


Electronic Configuration and Valence 
Only the outermost shell electrons are shown by the models, but these 
are by far the most important If your students have not been intro- 
duced to atomic structure in detail, you may decide to present electronic 
configurations m either of two ways, depending on the level of under 
standing sought 

The simplest way is merely to give the total numbers of electrons in 
each principal quantum shell Thus, for the first twenty elements, you 
might present a table such as that shown on page 5 
If you choose to present the substructures of the principal shells, you 
may want to describe the four quantum numbers You may at least wish 
to point out that by consideration of these numbers and applying the 
Pauli Exclusion Principle (no two electrons m the same atom may have 
the same set of quantum numbers) the numbers of electrons m each 
principal quantum shell n are limited to Zn” Thus, the capacity is 
2 X 1» = 2 for the first shell, 2 x 2= = 8 for the second, 2 X 3* = 18 for 
the third and 2 X 4® = 32 for the fourth You may wish to explain that 
different kinds of regions may be occupied by electrons within a principal 
qumlum shell and that the number of different hnds, up through four, is 
the same as the principal quantum number of shell number, n Thus, the 
first shell can have only one kind of energy region to be occupied by 
electrons, called an s orbital, the second shell can have s and p orbitals, 
the third, s, p, and d orbitals, and the fourth, s, p, d. and f Furthermore, 
the number of orbitals of each kind m a given shell is odd one s, three 
p, five d, and seven f Each region or orbital can hold only 2 electrons 
The hrmting capacity of 2 electrons in the first sheU thus follows from 
the fact that onl) one orbital (a) can be there In the second shell one 
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DISTKIBOTION OF ELECTRONS 
Element Atomic No. First Shell Second Shell Third Shell Fourth Shell 


H 

1 

1 



He 

2 

2 



Li 

3 

2 

1 


Be 

4 

2 

2 


B 

5 

2 

3 


C 

6 

2 

4 


N 

7 

2 

5 


O 

8 

2 

6 


F 

g 

2 

7 


Ne 

10 

2 

8 


Na 

11 

2 

8 

1 

Mg 

12 

2 

8 

2 

A1 

13 

2 

8 

3 

Si 

14 

2 

8 

4 

P 

15 

2 

8 

5 

S 

16 

2 

8 

6 

Cl 

17 

2 

8 

7 

At 

18 

2 

8 

8 

K 

19 

2 

8 

8 

Ca 

20 

2 

8 

8 


s orbital and three p orbitals make a total of four, with a total capacity of 
8 electrons Similarly, the third shell can hold 18 electrons because, in 
addition to 8 s and p electrons, there can be 10 d electrons All these plus 

14 f electrons make the capacity of the fourth shell 32, and no shell be- 
yond this ever contains more than 32 

The shells, in the building up of atoms, do not fill up in smooth suc- 
cession, because they overlap in energy, and electrons tend to fill m the 
most stable positions first One result of this overlapping is that more than 
8 electrons are never found in the outermost shell A ninth electron always 
starts a new shell before a shell of 8 can begin to fill up to 18 or what- 
ever its capacity may be Consequently, no atom has more than 8 outer- 
most electrons, and the models are quite adequate for most purposes in 
showing only four outermost orbitals A very useful device for helping 
students visualize the different energy levels and their electron capacities 

15 a senes of shelves* to represent the energy levels, and glass 
beakers to represent the orbitals Each beaker can hold two “electrons” 
(two-inch diameter styrofoam balls serve well) and each shelf can hold 
only the correct number of beakers (orbitals) One can start with empty 

'R.T Sanderson, / Chem Educ , 37, 262 (I960} 
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shelves first placing the oihitals m position as the atomic number in- 
creases and tten filling them with electrons as the electronic cloud i - 
creases In this way one can explain and describe the electronic con- 
figurations of all the elements by building them up one by one in order 
of increasing atomic number 

Most stably, as in the "ground slate,” vsntbm a given pnncipal quantum 
level, the electrons always BU the s orbital before starting the p, p before 
d, and d before f However, for chemical bond formation the arronge- 
ment is always the one leading to the greatest number of stable bonds 
Therefore s electrons never, for practical purposes, remain paired while a 
p orbital in the same shell is vacant One of the s pair always advances to 
an otherwise empty p orbital The models are constructed with bonding in 
mind, and therefore show the bondmg or “valence structure instead of 
the ground state” or paired s structure, whenever the two would be 
different This applies only to the elements of Groups II, III, and IV In 
carbon for example, the model shows one electron in each of four 
tetrahedral orbitals rather than two m one s orbital and one in each of 


two p orbitals with the third p orbital vacant 
Ordinary covalent bonds require that each atom provide one unpaired 
electron and one vacancy — in other words, one half filled orbital — for 
each bond The two electrons, one from each atom, are thus jointly held 
in the two orbitals, one from each atom (or their coalesced equivalent), 
by the nuclear attractions By merely counting the number of electron- 
plus vacancy combinations, the number of covalent bonds that each atom 
can form is easily seen from the model 
Hybridization Different kinds of orbitals should have different bonding 
characteristics, but no evidence for any differences is found experi- 
mentally when the same atom uses both s and p orbitals in the bonding 
It IS concluded that the actual bonding orbitals become averaged and 
equalized The “new” orbitals ace called ‘hybrid” When only two 
covalent bonds can be formed using one s and one p orbital, the bonding 
orbitals appear identical and are called sp hybrids ” Similarly, there are 
sp^ hybrids and sp^ hybrids as well as others not pertinent here 


Directional Nature of Covalence 


The onenlabon of oibuals with respect to one another is customarily 
described as a characteristic of the kind of orbital, or type of hybndiza 
tion However, a simple consideration of electrostatics leads to essentially 
the same results Outer electron pairs whether involved in bonding or 
not, repel one another and therefore lend to become located as far from 
one as possible Where only two bonds are formed and the other 

tsvo orbitals are empty, the latter can have no effect and the two bonds 
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are as far apart as possible This, of course, is at opposite sides of the 
atomic sphere, making an angle of 180® between the bonds The only 
other possibility for two single bonds is when the number is limited by 
the number of available vacancies — in other words, when the other two 
orbitals are filled Here, with only two bonds but with two extra pairs of 
electrons, the mutual repulsion among the four pairs leads also to their 
moving as far apart as possible The greatest separation of four positions 
on the surface of a sphere is at the comers of a regular tetrahedron, bond 
angles thus being ici9°28^ 

Similarly, two kinds of outer shell configuration can lead to three single 
bonds per atom One involves only three outer electrons which, when 
engaged in covalence, form three electron pairs The fourth orbital, being 
empty, has no influence The farthest apart three positions can be on the 
surface of a sphere is at the comers of an equilateral triangle, the center 
of which coincides with the sphere center The bond angles are therefore 
120° The other possibility for tnvalence occurs when the vacancies limit 
the bonding — when there are five outer electrons but only three vacancies 
The fourth orbital here is filled, and influences the positions of the three 
bonds such that tetrahedral arrangement, with angles close to 109°, again 
results 

When four electrons and four vacancies occur m the outer shell, nat- 
urally four single bonds can be formed, and the bond angles resulting 
from the tetrahedral configuration are 109°28' 

This logical rule of thumb may also be applied to atoms forming 
multiple bonds, as will be discussed in a later section 
The electronic configurations of the outermost shells of atoms are 
eJearly shoHn /n the ittadeis, «’hfch repres^t the v&}ence state, W7th no 
pairing until each orbital first has one electron The directional prop- 
erties of the bonding are shown by the positioning of the orbitals — ^pairs 
of electrons, vacancies, or electron plus-vacancy — on the surface of the 
atomic sphere Your students can see with their own eyes how many 
covalent bonds each atom can form, and why They can see the reason for 
the bond angles that will result They can see how the atomic radius 
changes as the number of outermost electrons changes and as the prin- 
cipal quantum level of the outermost electrons increases 

Coordinate Covalence 

Ordinarily, covalent bonds involve the sharing of hvo electrons, one 
from each atom, and the utilization of two orbitals, one from each atom 
Another possibility is where one atom provides a pair of electrons and the 
other, a vacant orbital Such a bond is called a "coordinate covalent" or 
“coordination" bond It is similar to an ordinary covalent bond, in that 
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both kinds involve shanng of a pair of electrons by two atoms, with each 
supplying one orbital Coordinate bonds do not appear to form, however, 
until after all possible ordinary covalent bonds are formed In other 
words, they tend to be bonds between molecules or between ions that are 
capable of stable separate existence 

The outer shell representation of the atomic models shows the capacity 
of the atoms to form coordinate as well as ordinary covalent bonds For 
example, boron with its three half-filled orbitals can form three single 
covalent bonds, which are directed toward the comers of an equilateral tn- 
angle This gives a planar structure, on which the remaining empty orbital 
has no effect But students can see the fourth orbital, and recognize the 
possibihty that it could be used in a fourth bond if an electron donor atom 
were available What they may not realize is fhe effect this fourth bond 
would have on structure Increasing the number of electron pairs from 
three to four does not change the rule that these pairs locate as far apart 
as possible, but this means a change in stmcture from planar to tetra- 
hedral This change cannot be shown by the atomic model, but may be 
inferred from it An electron donor, on the other hand, \vill function with- 
out substantial change in structure because its electron pairs affect the 
stmcture whether or not they are involved m bonding The atomic models 
do show the expected stmcture. as well as indicating the possibility of 
mordinate covalence You may wish to use the models of nitrogen, oiy- 
hondfht “'"’““S'' “f” ■>'' ordinary covaleJt 

cr;ienl X th'' ■" ooordmate 
covalence On the other hand, vacant orbitals frequently become fullv oc- 

the same as the number of coordmation bonds that can be formed 
Electronegativity 

of outermost electrons Th n u ^ atom and the number 

electronT“^^^^^ 

tronegativity increases Yon m-z u decreases and the elec 

trons together, as occurs with .nCT^.‘„°/„omb°“' X 
increases their repulsion, and if an alL electrons, 

despite this repulsion, this may be tiken as f ^ 

3= i":rm 

wcrds,.tse,eetronegat.v.ty.sh.gh,nfX'h:’:SS^^ 



ATOMIC MODELS 9 

of the elements can be evaluated in terms of the relative compactness of 
the electronic spheres of their atoms ® 

The significance of electronegativity lies mainly in the electronegativity 
differences among the various chemical elements The greater this differ- 
ence between two atoms, the more polar the bond between them From 
the models students can easily see which* combinations will give ionic 
compounds, which nonpolar, and why 

Indeed, such atomic models can be extremely helpful to students by 
demonstrating that chemistry makes sense Why, for example, should one 
be satisfied to tell students the composition, structure, and properties of 
water when this information is so easily reasoned from the models of the 
atoms? Even if a person has no idea what element is represented by the 
hydrogen model, he can see at once, if he is familiar with the scheme of 
representation, that this atom has the capacity to form one ordinary 
covalent bond and no more, and that it is only slightly above medium in 
electronegativity Examination of the oxygen model will show that this 
element is divalent and very high in electronegativity It becomes almost 
immediately evident that two of the first kind of atom would unite with 
one of the second kind, that the bond angle would be close to 109®, and 
that the bonds would be appreciably polar with the second kind of atom 
taking more than half share of the electrons, thus becoming partially 
negative and leaving the other atoms partially positive 
If a student could see a model of the water molecule, which will be 
discussed later, he would find its composition, structure, and bond polar- 
ity exactly as he predicted from the examination of models of its atoms 
before reaction 

Introduction to Metals and Nonmetals 
The atomic models will serve well to set the stage for the later develop 
ment of the physical and chemical differences between metals and non- 
metals, and their distinguishing characteristics Your students will be able 
to see that, although most of the elements range from yellow through 
oranges to red, which indicates relatively low electronegativities, some 
range from greenish yellow to blue The latter are all nonmetals, the 
former, mostly metals They ivill also note that the elements of higher 
electronegativity invariably have more outermost electrons than vacan 
cies, whereas the reverse is true of the elements of lowest electroneg- 
ativity Again this is a fundamental distinction between nonmetals and 
metals Recognizing the gradual nature of the change in qualities of the 

* R T Sanderson, Chemical Teriodicity, Reinhold Putlishing Corporation, New 
York, 1960, page 26 
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atoms, your students will then be prepared to understand that no abrupt 
and definite demarcation separating metals from nonmetals exists, but 
rather the change is gradual and a number of elements are borderline in 
their qualities 


Teaching Periodicity 


Atomic models of the first twenty elements or more are almost ideally 
suited to the exposition of chemical periodicity What the founders of 
the Periodic Table did was to consider the elements m order of increasing 
atomic weight, m an effort to see whether any consistent trends in either 
physical or chemical properties could be obstrved You can, if you wish, 
repeat this procedure in your classroom, in a way that will emphasize 
vividly to your students the fundamental causes of the Periodic Law For 
this purpose it is useful to equip the atomic models with connectors, such 
as hooks and eyes by which they can be strung or hung together The 
collapsible tripods from two mexpensive music stands can be combined 
with a 6 or 7 foot piece of aluminum tubing, 1 inch in diameter, to make 
a simple display stand for lecture bench or floor 


It IS suggested that you place models of the first twenty elements on the 
lecture bench in random positions You may then suggest to the class that, 
since John Newlands, Lothar Meyer, and Dmitn Mendeleev began to 
investigate the relationships among the chemical elements by first lining 
them up in order of increasing atomic weight, you will do likewise How- 
ever, you may point out that, although at the time of the early develop- 
ment of the periodic table the enslence of electrons may have been 
suspec e an t ere was ample reason to believe in the importance of 
electricity in Ae composition of matter, actually no one knew of protons 
^ nuclear atom was yet forty years or more 
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If you remind the students that the earlier workers knew nothing of 
atomic radius, nothing of electronic configurations, and relatively little 
about electronegativity except in a very general way, you will help them 
to appreciate that the discovery of the Periodic Law was quite startling 
and hard to believe. The difference between then and now will be the 
more striking, because the exhibit which you have just displayed before 
them shows up the periodicity of the elements so obviously and so clearly 
that no one could easily fail to observe itl They will see at once that the 
size of the atoms does not increase continuously with increasing atomic 
number, but rather goes through cycles, or periods — it changes periodi- 
cally. They will see just as clearly that the electronegativity likewise does 
not change continuously or at random with increasing atomic number, but 
also is periodic. Then, if they examine the models more closely to count 
the electrons and vacancies shown in the outer shell, they will observe 
that the number of electrons also varies periodically, going from 1 to 8, 
one electron at a time, and then to one again. 

Now, if they compare these three qualities shown by the models, with 
respect to their periodicity, they will observe that they all change in 
periods of the same length. That is, while the number of electrons is 
changing from 1 to 8, the electronegativity is changing from very low to 
highest and then zero, and the radius is changing from high to low and 
then upward. 

^‘Nonpohr Comlenf Radii of the Inert Elements. One question that 
seems inevitably to arise concerns the "nonpolar covalent radii" of the 
inert elements. Why are they represented as larger than those of the 
halogens? If the radius diminishes as electrons are filling the outer octet 
from 1 to 7, why does addition of the eighth electron cause a sudden in- 
crease in radius? This is a good place to emphasize to your students that 
much remains to be learned about chemistry, and until we know it all, we 
must make certain assumptions. These assumptions are necessary because 
they are frequently much more fruitful than merely accepting our ig- 
norance. Since the inert elements are so-called because they cannot form 
chemical bonds, the term "nonpolar covalent radius” is of no practical 
meaning when apph’ed to them. We shall never be able to measure ex- 
perimentally the radius of an atom in the direction of its covalent bond to 
another atom when it steadfastly refuses to form any covalent bonds. If 
we Avish to know Avhat would be the covalent radius of an inert atom if it 
had a covalent radius, we must guess. Nothing is to be gained by a wild, 
random guess, but for “educated” guesses, made with caution and ac- 
ceptable only tentatively and never with reckless abandon, much is to be 
said in favor. Indeed, the progress of science would be greatly impeded 
if all scientists were too cautious to speculate, too unimaginative to try to 
picture what they cannot see. In this instance the covalent radii of the 



12 


TEACHING CHEMISTRY WITH MODELS 


inert atoms were taken as intermediate between those of the halogens and 
those of the alkah metals, mainly for the reason that the radii of the 
neutral atoms with inert atomic number would seem logically to be in- 
termediate between those of umposibve ions with inert atomic number 
and those of uninegative ions with inert atomic number For example, 
the sodium ion holds 10 electrons with a nuclear charge of 11, the 
fluoride ion holds 10 electrons with a nuclear charge of 9 *^0 neon atom, 
which holds 10 electrons with a nuclear charge of 10, would reasonably 
be expected to be intermediate m size Furthermore, the van der Waals 
radu of the inert elements, as well as those of the alkali metals and the 
halogens are known experimentally The inert elements are intermediate 
here and although van der Waals radii (nonbonding radii) are larger 
than covalent radu, they should be consistently so The implication from 
this evidence also is that the covalent radu of the inert elements should 
be intermediate, between alkah metal and halogen, as selected 
Sfedents may note that although the radius does dimmish as the outer 
shell IS being filled up to 7 electrons, the decrease is most rapid at the 
beginning and tapers off so much that from carbon through nitrogen, 
oxygen, and fluorine the reduction is very small The trend toward smaUer 
stopped when it reaches oxygen, and might as 
logically begin to rise again with neon as to remain nearly the same 
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outermost shell, except 2 m helium), students can profitably begin to 
compare the penods 

They can see that the first penod is very short, consisting of only two 
elements, hydrogen and helium The peculiar position of hydrogen, not 
even approximately duplicated by that of any other element, arises from 
the fact that although it has but a single electron in the ontermost shell, 
it also IS but one electron away from the next higher inert element It 
begins a new shell and at the same time nearly ends it Instead, therefore, 
of being closely comparable to other elements which begin periods, or 
with other elements that nearly end the penods, hydrogen is intermediate 
between these two kinds This intermediate nature is clearly shown by the 
yellow green color, which indicates an intermediate electronegativity The 
first period, therefore, is not closely related to subsequent periods 

Beginning with lithium, students can see that the trend from a large 
atom of low number of outermost electrons and low electronegativity to 
a smaller atom of high number of outermost electrons and high electro- 
negativity, and then to an inert element, is very similar to the trend from 
sodium to chlonne and then argon Furthermore, the last two atoms of 
the twenty, potassium and calcium, appear to be beginning a trend very 
similar to those set by lithium, beryllium, and sodium, magnesium It 
should not be difficult, therefore, for them to visualize the advantages of 
rearranging the models so that not only the honzontal trends would be 
clearly shown, but also the different periods could be compared more 
directly In other words, it would be very convenient if the elements were 
arranged to show both differences and similanties 
You can suggest, or ask the students to suggest, how the models might 
be rearranged to show the interrelationships of all the elements more 
effectively The most obvious answer, of course, is to place the third 
period under the second and the fourth penod under the third so that the 
beginning atoms are all next to one another, and likewise across the 
penod until the inert atoms are also grouped together At this point you 
can perform this rearrangement literally by disconnecting the atomic 
models and reconnecting them For this purpose you will need a hook for 
each group of the penodic table with which you can suspend the group 
from its proper position on the honzontal bar support First, you may 
suspend the helium model from the side of the support at your left The 
hydrogen you may disregard for the time being Then you may suspend 
the lithium atom at the nght hand end of the support, and beneath it the 
sodium, then the potassium Next come the beryllium suspended to your 
left of the lithium, and beneath it the magnesium Next to the left from 
the main bar is suspended the boron model, and below it the aluminum 
Then the carbon, below it the silicon atom Nitrogen ^vith phosphorus 
follows, and to their left (nght hand firom the student viewpoint) oxygen 
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and sulfur, and then fluorine and chlonne, then neon and argon (See 
Fig C-2 ) 

At the conclusion of this reassembling of the models, you have repro- 
duced before the very eyes of the students the exact beginnings of the 
periodic table, in much the same manner as was developed by Lolhar 
Meyer and Mendeleev Your students will have a great advantage over 
these earher scientists, however, for they can visuahze not only the 
periodic chart but also at the same time its reasons for being and its 
fundamental significance They can see that periodicity results from the 
successive filling of electron shells They can see that elements in the 
same group of the periodic table have fundamental similarities, in relative 
size, number of outermost electrons and therefore ability to form bonds, 
and electronegativity and therefore tendency for similar polanty in their 
compounds They can note, in the downward change from period two to 
period three and period four, that elements in the same group tend to 
have larger atoms and, m the examples of the first twenty elements, lower 
elecbonegativity The fact that electronegativity increases from left to 
right across a period and decreases down a group will help clanfy the 
diagonal relationships,' which indicate similanties behveen lithium and 
ma^esium, berylhum and aluminum, boron and sihcon These relation- 
beGati 5 A^rtrt?f ^ displayed by the models in this arrangement, 
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models, and in addition, to paint on the atomic surface a large, easily 
legible number corresponding to die number of d electrons present. If 
this is done, students can see at least that transition elements are not like 
the other elements, and this is important for them to know. They can also 
infer from the number what the distribution of electrons in the five d 
orbitals is most likely to be by following the rule that electrons do not 
begin to pair until each available orbital has at least one. If the special 
stability of a set of orbitals each half-filled (or each filled) is pointed out, 
then it will be clear why the model of chromium shows only one outer- 
most electron instead of two, why the copper model does likewise, and 
why an important oxidation state of iron is three. 

(Currently under development, at the time of galley proof checking 
for this book, is an atomic model that may prove useful in the teaching of 
the chemistry of the transition metals. It consists of a styrofoam sphere 
like the others, but with representation of the five d orbitals, and dieir 
electron content, as well as the outer s and p orbitals. The d orbitals each 
tend to have a boundary surface resembling a square cross, made of four 
lobes extending from the nucleus toward the comers of a square. If we 
consider the nucleus to be the origin for a set of orthogonal coordinates 
with X, Y, and Z axes, we can then imagine placing three such orbitals 
symmetrically between these axes, so that the point of intersection of each 
cross, and for all three crosses, is at the nucleus of the atom. For example, 
one cross would lie in the X-Y plane but at a 45® angle from the axes. 
These three orbitals are named d„, and d^z. We can then place a 
fourth orbital, identical in shape to the first three, so that its lobes are 
directed along the X and Y axes. This is called the dx*-^ orbital. It fits 
snugly among the first three. If we now were to try to fit a fifth orbital 
similarly, along the X and Z axes, or along the Y and Z axes, it would 
interfere with the fourth. The fifth orbital is therefore a hybrid of these 
latter two possibilities, which extends only along the Z axis, with a rela- 
tively small, doughnut-shaped portion around the nucleus in the X-Y 
plane. This fifth orbital is called the d** orbital. 

At the surface of the atomic sphere, we now have a very symmetrical 
arrangement of 18 lobes, 4 from each of the first four d orbitals and 2 
from the fifth. The location of these is represented on the model by 
circles, painted a different color for each d orbital. Any one of the first 
four d orbitals appears, therefore, as four circles of the same color on the 
surface of the atomic sphere, located at the comers of a square circum- 
scribed by a great circle of the sphere. For the fifth d orbital, there are 
two circles of like color, directly opposite one another. The sites for 
octahedral coordination are the six circles representing the four lobes of 
the djr»_^ orbital and the t\vo lobes of die d,» orbital. 

In constructing the atomic model, these orbitals can be located by draw- 
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mg circles m tangential contact around a great circle of the sphere, 8 in 
number, so that each has a diameter one eighth of the sphere circum- 
ference Perpendicular to this nng of 8 circles is drawn a second ring of 
8 circles, which will have 2 circles in common with the first nng, at the 
points of intersection Then perpendicular to both these rings, a third nng 
of 8 circles is drawn This ring will share 4 of its circles in common (2 
each) with the other two rings, thus adding only four new circles The 
total number of circles is thus 8 plus 6 plus 4, or 18 The 6 sites for 
octahedral coordination mentioned above are the six circles at the 6 
points of intersection of the three nngs 
The portions of the atomic model not covered by the d orbital circles 
can be painted a color representing the electronegativity of the element 
To these portions can be attached small black spheres and white spheres 
to represent the usual outer shell orbitals, s and p, with the s orbital filled 
and the three p orbitals empty in the usual ground state of most of the 
transition metals The distribution of electrons in the d orbitals can be 
represented, although not ideally, by placing electrons and vacancies only 
m one of the four ( or two for the d^ orbital ) exposed lobes of each orbital 
For easy visibility, these can be any five circles of different color that are 
in a group closest together The d electrons and vacancies can be dif- 
ferentiated from the outer shell by represenUng them by smaller size For 
ordinary teaching purposes, the d electrons may be permanently attached, 
thi r."? ® P"""® m one orbital until each of 
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requires a more detailed presentation of electronic configurations, but 
on an elementary level one can at least indicate that potassium and cal- 
cium, for example, contam electrons m the fourth shell only because the 
d orbitals do not become sufl5ciently stable until the nuclear charge has 
increased to at least 21 From here on, they are stable and electrons fill 
them by preference until the shell of 18 is complete, whereupon the 
filling of the outermost shell is resumed It is very important to point 
out here that the 18 shell elements are a distmct class of elements and 
resemble the inert-shell elements only in the kind of orbitab pnmanly 
used for valence — outermost s and p This similanty is sufficient to justify 
grouping 18-sheIl elements with inert-shell elements in the penodic table, 
but students must not lose sight of the fact that beyond major Group IIA 
the elements of a penodic group are not electronically similar and there- 
fore cannot be expected to display as uniform or consistent trends as would 
be shown if they were electromcally similar Thus the trend begun by 
boron and aluminum is not contmued necessanly by gallium, mdium, 
and thallium, and the trend begun by carbon and silicon is not neces- 
sanly continued by germanium, tin, and lead The models show this bv 
their color which mdicates an increase m electronegativih in the change 
from inert-shell to 18 shell type within a group, greatest m IIIA and 
diminishing until no longer present in VIIA This alternation m electro- 
negativity down the penodic group is quite consistent with observed 
alternations or differences in properties 

A CONCLUDING JUSTIFICATION OF THE ATOMIC MODELS 

You ivill find models of the individual atoms of the elements to he 
indispensably useful in your explanations of chemistry if you ^vlsh your 
students to acquire a fundamental understanding rather than a mere 
familianly with descnptive facts Yet there are those, and especially 
those having above-average facility in mathematics and intimate knowl- 
edge of theoretical chemistry, who will believe it useless and wrong to 
hold "false images” before students They will believe thnt more harm 
than good can come of efforts to simplify what in fact is not simple 
They will be of such conviction that electrons cannot be represented is 
stationary spheres, that ii'ave characteristics and probability considcra 
lions are so fundamental to the structure and behavior of atoms that 
they will be unable to imagine any utility in the simple models described 
herein 

It IS obvious that I do not agree In teaching chemistry, except at the 
most ad\’anccd le\cls, one does not have a choice between "the most ae- 
enrate" representation of atoms (as conceived by experts in chemical 
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theory, many of whom are actively engaged in trying to change this 
reorientation by their own researches), and some other method of rep- 
reLtabon The "most accurate” representation is simply old of rea* 
of most students (and most professional chemists as well). The choice 
IS between some other method and none A difficult concept can be ex- 
plained only to the hmits of a students experience If it can be made 
clear by resorting to simple models which, although they cannot 
the true complexities of reality, do no actual violence to reality and do 
help the student to detect some reasonableness in natural law, then what 
vahd objection can be raised to using them? If a student can look at a 
sunple painted assemblage of styrofoam identified as an atom of an ele- 
ment, and from it know correctly that the atom has a certain relative 
size compared to other atoms, that it has the capacity to form a specific 
number of covalent bonds and tohy it has that capacity, that these bonds 
have specific directional characteristics and why, that it can act as elec- 
tron donor or acceptor or neither, and why, that it has a certain relative 
attraction for valence electrons that will result in bond polanty in com- 
bination with different atoms, of a direction and approximate extent that 
could immediately be determined by inspection of a similar model of 
the other atom — and in addition to all this, if he can with the help of 
a httle supplementary information predict accurately from these models 
many of the physical and chemical properties of the compounds or other 
aggregates formed by these atoms, as will be described in later sections 
of this book, then why not use such models? Indeed, what excuse is there 
for not using them? 


An instructor has always the responsibihty to emphasize to his students 
the hmitations as well as the extent of human knowledge In presenting 
these models of atoms you will, of course, wish to be certain that your 
students understand clearly that real atoms are not beheved to bear close 
physical resemblance to the models, except to the relative extent to which 
they occupy space As long as you make it very clear that atoms are 
dynamic systems and that electrons are in effect more cloudhke, not sta- 
tionary particles, and that your justification for using the models lies m 
the clarity with which important real quabties of the atoms may be 
represented rather than in the fidehty with which they reproduce the 
tme physical picture, students are unbkely to become hampered by the 
absorption of false concepts 
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MOLECULAR, IONIC, 
AND CRYSTAL MODELS 


Models of molecules and crystal models arc certainly not new, for both 
kinds have long been used in teaching and research. Sets of connectable 
atomic models from which all manner of molecular models can be as- 
sembled or disassembled at will have been indispensable in organic chem- 
istry. Similar models for inorganic compounds, with the exception of 
portions of organic model sets and of certain complex ions, have not been 
generally available. 

The models to be described herein were developed for hvo reasons. 
First, the steadily increasing emphasis on structure in the teaching of 
general and inorganic chemistry made models increasingly desirable as 
visual aids. The second reason was the belief that an atom does not re- 
main unaffected by chemical combination, but varies in condition de- 
pending on its environment. If this is true, then models assembled from 
a standard set of atoms must be deficient in making no distinch'on among 
different conditions. For most hydrocarbon derivatives, the differences 
are probably not large enough to justify the loss in convenience if the 
atoms of the models were not interchangeable. For most inorganic com- 
pounds, on the other hand, some indication of differences in condition 
of atoms in different combinations seems not only desirable, but essential. 
For example, the chlorine atoms in phosphorus trichloride are certainly 
not in the same condition as in magnesium chloride, and to be adequately 
usefulj models should show the differences. 

The first problem, then, was to learn what changes that might be visu- 
alized in a model are undergone by combining atoms. If the atoms com- 
bine only with like atoms, no important changes in the models would 
seem to be required, except as needed to show any bond multiplicity 
that may occur. But if the atoms combine with unlike atoms, the electro- 
negativities of the two or more elements are unlikely to be equal, and 
if unequal, uneven sharing of bonding electrons results. If shared elec- 
trons spend more than half time more closely associated with one atom 
than ^vith the other, the effect must be that of a partial negative charge 
19 
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on the one with a partial positive charge remaining on the other Some 
of the ways in which such unevenness of charge distribution may influ- 
ence both physical and chemical properties of compounds will be dis- 
cussed m detail in following chapters Some means of making possible 
the visualization of charge distribution in molecules would certainly be 
helpful in models 

Another effect of charge that might usefully be shown m models is its 
probable effect on radius Expenmenlal measurements have established 
beyond reasonable doubt a predictable relationship between atomic 
and ionic radius A positive ion is always smaller and a negative ion 
larger than the neutral atom In an ‘isoelectromc series’* (having the 
same number of electrons) the higher the positive charge, the smaller 
the ion Radius diminishes in the order F“, Na+, Mg++, A1+ + '*' Then 
what of an atom that becomes only partially negative or positive? Should 
not the electronic sphere tend to expand as it acquires part of an addi- 
tional electron, with its repulsive effect on the other electrons uncom- 
pensated for by any corresponding increase m the nuclear charge’ Should 
not the sphere contract as the repulsion among its electrons is decreased 
by the withdrawal of part of an electron without corresponding reduction 
m the nuclear charge? 

In fact, the electronic spheres about atoms are so nebulous and so 
easily distorted that it is impossible to describe their shape or volume 
exactly However, experimental measurements do lead to accurate deter- 
mination of the mtemuclear distance between the two bonded atoms, 
an it is from such distances, called "bond lengths," that covalent radii 
are inferred Abundant evidence has been accumulated to show that 
on s are s orter the more polar If one accepts the postulate that an 
a om wi partial negative charge has a larger covalent radius and an 
partial positive charge has a smaller covalent radius, an ex- 
^ c ^ ®^n^^®ning is provided, for in practically all cases the 
■iinn ® part of an electron exceeds the expan- 
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tance of nonbondmg approach and therefore allow prediction of stenc 
interference, chemical reaction presumably requires closer approach, and 
covalent radii should show this more realistically 

In summary, neither type can be altogether right or altogether wrong, 
but all things considered, my vote is for covalent radii If you use these 
radii, you will wish to emphasize to your students that the molecular 
models must be regarded as being surrounded by an invisible, elastic 
electronic barrier extending into space perhaps half a diameter beyond 
each atomic sphere surface In most teaching applications, this is not 
even very important However, it does become significant in crystal 
models, if you use covalent instead of ionic radii Here the anions may 
not appear to be in contact, whereas they actually would be if van der 
Waals radii were used But if you used the latter, your students would 
be unable to see inside the crystal in many models without cutting them 
apart 


If after studying the above invincible arguments, you still wish to use 
van der Waals radii, go right ahead Your models can be just as useful 
as mine except for the disadvantages (3) and (4) above They will be 
superior to mine in showing somewhat more realistically the approxi* 
mate extension of the electron clouds out into space I have not included 
a table of van der Waals radii here to guide you, however, because of 
the uncertainty as to what their values should be 
Partial Cliarge Representation Partial charge is shown in the models 
by a color scale similar to that used in the atomic models to represent 
e ectronegativity An attempt is made to make these two uses of the 
same colors reasonably consistent, in the following way Elements of low 
e ectronegativity, whose atomic models would therefore be red, are the 
e ements most likely to become most positive in chemical combination 
e IS c osen in the charge color scale to represent high positive charge 
bimilarly, elements of high electronegativity, whose atomic models would 
herefoie be blue green or blue, are most likely to become most negative 
sent ination Blue is chosen in the charge-color scale to repre- 

neutrnl^i ^ Yellow is taken to indicate zero charge, or 

ne^h!^ V T '“T ‘htough neutral to high 

cranee veil?'’' ^i “ '“"S' red-oran|e, 

The m^o gt'^en, blue peen, to blL 

atomic snb(> assembled by fastening together 

TZlS'Zf color to represent accurately the 

tion of several hi^fl A Specific directions for the construe- 

6 e e tor you to see at once that no unreason- 
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able expenditure of time or money and no unreasonable requirement of 
skill is involved. 

The basic material is styrofoam, a foamed polystyrene plastic available 
at relatively low cost from a number of small manufacturers, often of 
Christmas ornaments, in the form of spheres ranging in diameter from 
less than 1 inch to as much as 8 or 10 inches, and priced from a few 
cents each to perhaps a few dollars each for the largest. If one uses a 
scale of 1.5 inches per Angstom unit, models large enough for the aver- 
age classroom are obtained, hydrogen atoms averaging about 1 inch in 
diameter and carbon, ojq^gen, and nitrogen atoms about 2^/^ inches 
in diameter, and chloride ions less than 6 inches in diameter. For use in 
very large lecture rooms, twice this scale is advantageous, although this 
is not necessary and perhaps is most desirable for those few compounds, 
such as water, which are under most frequent discussion. For display 
purposes you may wish to have models on a much smaller scale; these 
need not necessarily be made of polystyrene but any of several other 
materials will do, as suggested below or as you may devise. Examples 
of other materials especially suited to smaller models are asbestos, bake- 
lite, wood, clay, etc. Some of these are discussed in Chapter 10. 

The atoms for these models are first painted and then glued together, 
using wooden connectors to strengthen the joints when styrofoam is the 
sphere material- Tangential contact represents single bonds, and multiple 
bonds are sho^vn by closer than tangential contact, attained by fost 
slicing segments from tbe spheres to be joined. 

You may wish to indicate unshared outer shell electron pairs on the 
atoms of molecular models. Such supplementary representation may be 
especiaHy useful for mofecuies like ammonia, in wiuch the avaiiahih'fy 
of an electron pair on the nitrogen permits it to act as donor and thus 
makes a very significant contribution to the chemistry of the compound. 
In this model the electron pair is also useful in explaining the physical 
properties of ammonia, such as its "anomalously'^ high melting and boil- 
ing points that reflect protonic bridging among molecules. 

Likewise, in molecules such as the boron halides, representation of 
the outer shell unoccupied orbital(s) can be useful in explaining the 
action of “Lewis acids” with their electron acceptor function. 

Indeed, the representation of outer vacancies and outer electrons in 
all molecular models may have advantages although it is not always 
necessary and, as will be discussed later (page 63), cannot always be 
done unambiguously. As a general principle of chemical combination, 
combination tends to proceed until all external vacancies are utilized or 
at least shielded from access to electrons of other atoms. In the boron 
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halides the outer vacant orbital seems either partly used m the bondmg 
as possibly occurs in BF3, or stencally prevented from stably coordi- 
nating electrons from another molecule of the same kind, m which the 
outer pairs may not be relatively easily available With these as perhaps 
the only exception, all simple molecules having external unshared elec- 
tron paus on one atom and unoccupied outer orbitals on another atom 
tend to unite further, usually to form an “ionic” or polymeric crystal 
lattice in which single molecules are no longer distinguishable Occa- 
sionally, as in Al2Bra and Alale, dimenzation seems to complete this 
process, leaving the molecules whole, although associated, in the solid 
state 

For this reason representation of the outer orbitals in the molecular 
models has the general value of permitting reliable predictions of the 
state of aggregation, or at the very le^t, reasonable guesses When, in 
contrast to the above situation, atoms of a molecular model have only 
filled outer orbitals, the compound is almost certain to be relatively vola- 
tle and^to condense m molecular crystalline form There exist also, of 
course, giant molecule structures like S1O2 m which single molecules 
cannot exist 


As m the atomic models, these outer electrons and vacancies can be 
represented by small white and black baUs fastened to the atomic sphere 
surface at the correct locations ^ 
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First, as suggested in the preceding chapter, electronegativity appears 
to be related to the compactness of the electronic spheres of atoms. The 
model of fluorine shows its atoms to be much smaller than those of lith- 
ium, for example, although they contain three times as many electrons. 
This means that in fluorine the electrons must be packed more tightly 
together than in lithium. If an atom can hold its own electrons close 
together despite their mutual repulsion, this signifies that the nuclear 
attraction is especially effective and suggests that if low-energy vacancies 
capable of accommodating outside electrons are present, they too can be 
strongly attracted by the nucleus. On the other hand, if an atom cannot 
hold its own electrons close together, there is no reasonable expectation 
that it will be able to exert a very significant attraction on an outside 
electron, whether or not orbital vacancies may be available. Thus a logical 
relationship between atomic compactness and electronegativity appears. 

A measure of the atomic compactness is the average "electronic den- 
sity,” which is simply the ratio of the atomic number to the volume of 
the atom expressed as number of electrons per Angstrom®: 

D = 2/4.19t^ 

In this ej^ression, D is the electronic density, Z the atomic number, 4.19 
is ph and r is the nonpolar covalent radius. D then gives the average 
number of electrons per cubic Angstrom. 

When electronic density is determined for many of the elements, and 
compared with electronegativity values obtained by other means, a re- 
markably close relationship is apparent, but it is not in all cases consistent 
with chemical fact. By assigning to the Inert elements "nonpolar covalent 
radii” as previously discussed, one can calculate D values for these. 
Soror? vojiaiiiw Js Sovnd — and this Jdnd of variatirw Js efeariy x>Di associ- 
ated with electronegativity differences since the atoms are not electro- 
negative. Evidently some change in compactness is associated wlh the 
filling of successive principal quantum shells and independent of any 
electronegativity change. Therefore it seemed desirable to correct the 
average electronic densities of the elements for changes resulting solely 
from change in atomic number. The correction was accomplished by 
dividing the electronic density of each clement by the electronic density 
of a hypothetical inert element having the same number of electrons per 
atom. This latter value is obtained by linear interpolation on a plot of 
D versus Z for the Inert elements. This value is designated as D«. The 
ratio, D/Du is then taken as a correct representation of the relative elec- 
tronegativity, S: 

S = D/Dt 

The question now arises, what happens to the electronegativity when 
atoms combine? A change in radius, and therefore in volume, with the 
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acquisition ol charge has already been discussed The relationship be- 
tween this change and the question under discussion may be simply in- 
terpreted If two atoms imtially different in electronegativity rambme 
through a sharing ot electrons (covalent bond), do they remain different 
in electronegativity in the combinahon, or compound? Can a pair of elec- 
trons remain equally shared between two atoms if one attracts them 
more than the other? Or, if one atom attracts the electrons more than 
the other, why do not the electrons move all the way to this atom, form- 
ing ions? 

Let us imagine the electron pair initially evenly shared, but gradually, 
so that we can observe what happens, beginning to spend more and 
more of their time more closely associated with one atom than with the 
other This will introduce on this atom the effect of partial negative 
charge and through increased repulsion without corresponding increase 
in attraction cause expansion of the electronic sphere In the expanded 
state the electrons are no longer as closely associated with the nucleus 
as they were before, and this includes the valence electrons forming the 
bond In other words, as the atom succeeds in acquiring more than half 
share of the bonding electrons, its attraction for them diminishes Simi- 
larly, consider the state of the initially less electronegative atom As an 
election is withdrawn from its complete control, spending more than 
half time with another atom, the average number of electrons in the 
cloud of this atom decreases, and therefore their repulsion decreases, 
but without any loss of charge on the nucleus Consequently, the re- 
maining cloud IS pulled more closely to the nucleus — as the atom ac 
quires partial positive charge, the electron cloud contracts This means 
that for the time the bonding electrons are within the zone of influence 
of this atom, they are more hghtly held than they were when they were 
equally shared by both atoms In other words, the electronegativity of 
this atom has increased as it acquired positive charge 
Such adjustment, which of course must occur practically mstantane- 
ously, causes the electronegativities of the two atoms, initially different, 
to approach one another This adjustment must cease at the most stable 
arrangement, and the most logical point for cessation seems to be the 
point or situaUon in which both electrons are attracted equally by the 
two nuclei -i / / 

The physical picture sketched above may be vastly oversimpliEed, but 
the essenbal validity of the argument seems quite acceptable Surely 
ao atom roust beTOme less electronegative as it succeeds m acquiring 
negative charge— flnonne is ertremely electronegative but a fluoride ion 
IS not at all Surely, too, an atom must become more electronegative as 
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it loses control of its electrons — metal atoms are never oxidizing agents 
but tbeir cations attract electrons, some of diem being strong oxidizing 
agents And finally," atoms are certainly not rigid, inflexible objects but 
must adjust to the electncal stresses placed upon them by the proximity 
of other atoms, through a mobility of their electrons On the basis of 
such reasoning, one can generalize to sj^tems containing more than two 
atoms, by assuming that in such cdiemical combinations, adjustments 
occur With electrons becoming distributed throughout the system accord- 
ing to the relative attractions exerted by the several nuclei 
These ideas can be stated as the Principle of Electronegativity Equali- 
zation When two or more atoms tntitally different m electronegativity 
combine chemtcally, they become adjusted to the same intermediate 
electronegatwity in the compound 

The next question is, what intermediate electronegativity is reached? 
Here, unfortunately, only a certain amount of circumstantial evidence 
is available to suggest the nght answer From a comprehensive study 
of bond lengths, as wiU be discussed bnefly a litde later, it was con 
eluded that a satisfactory intermediate value of the electronegativity in 
a compound is given by the geometnc mean of the electronegativities of 
all the atoms before combination To calculate the electronegativity in 
a molecule, then, one obtains the logantbms of the electronegativity of 
each of the component atoms (whether of the same or different ele- 
ments), adds them, and divides the total by the number of atoms in die 
molecule The anhlog of this value is the molecular electronegativity 
For example, what is the electronegativity in H 2 SO 4 ? The values for 
the separate elements are H 3 55, S 4 11, and O 5 21 The geometnc 
mean of these, Snaso^. is the electronegativjty of H 2 SO 4 and ako of each 
atom in it The geometnc mean is the root of the product 

SbjSo* = 

Loganthms are ideally suited to this calculation 

log3 55 = 05502, x2 = 11004 
log4 11 = 06138, XI = 06138 
log 521 = 0 7168, X4 = 2 8672 
sum = 4 5814 

4 5814/7 = 06545 = logs 

antilog = 4 513 = Snjso* 

The calculation of the electronegativity of ions requires knowledge of 
the partial charges, as will be described below. 
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Estimation of Partial Charge 

Neutral Molecules The method of estimating partial charge on a com- 
bined atom involves comparing the change in electronegativity undergone 
when the atom combined, to the change which it would have undergone 
had it acquired unit charge Two assumptions are needed One is an 
assumption as to the way m which electronegativity changes with charge 
It IS assumed that the change is linear The other assumption requires 
a reasonable guess of the ionic character of the covalent bond in any 
specific diatomic molecule Unfortunately, a guess is necessary because 
no expenmental or theoretical method of obtaining such information re- 
liably is known For the purpose of estimating charge, the bond in an 
isolated molecule of NaF was guessed to be 75 per cent ionic In other 
words the unevenness of sharing of the electron pair forming the bond 
IS taken to produce a partial charge of 075 electron on the sodium atom 
and —075 on the fluorine To make such a guess may seem an ex- 
traordinanly arbitrary procedure, but as will be recognized later, by far 
the most useful application of partial charges is as a means of comparison 
where the absolute value need not be accurate as long as the relative 
order is correct Furthermore, a substantial body of indirect evidence 
suggests that the values obtained, based on 75 per cent ionic character 
0 gaseous sodium fluonde, are close to the correct order of magnitude 
Having made these assumptions one can proceed easily to the estima 
ion 0 t e electronegativity change that should accompany the acquisi- 
on of unit ^arge The electronegativity of sodium is 070 That of 
uuonne is 575 The geometnc mean for NaF is 2 007 This means that 
thp'^am fluonne sodium has gained in electronegativity by 

lor, !'. - “ly 7S per cLt of the 

Therefore, g“>"ed had it lost an electron completely 

thai wnitM ^ the change m electronegativity of sodium 

electron! acquisition of unit charge (complete loss of one 

negativitv bv ™ with sodium fluorine has lost electro- 
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thus calculated would be equal to, but of opposite charge from, that on 
chlorine. From this one could easily calculate how much the electro- 
negativity of chlorine should have changed, had the chlorine become 
chloride ion. In a similar manner, one can compute the changes in electro- 
negativity for most of the elements that would correspond to acquisition 
of unit charge. The partial charge on any element in a compound, then, 
is calculated as the ratio of the change in electronegativity in forming 
the compound to the change in electronegativity that would correspond 
to unit charge. 

The necessary data for calculating molecular electronegativity and 
partial charge are given in Table 2-1; see also Table 10-2, page 136.* 
Complex Ions. The calculation of partial charge on atoms in complex 
ions presents the problem of estimating the electronegativities of these 
ions. The method is the following: 

First calculate the electronegativity of the ion as tfiough it were a 
neutral molecule. Then calculate the electronegativity of an appropriate 
salt containing this ion. From the change in electronegativity undergone 
by the other component (conveniently silver or fluorine), the ionicity of 
the “salt” is determined. The change in S from neutral radical to salt is 
then corrected to integral charge, and thus the electronegativity of the 
complex ion can be calculated. 

Example: To determine the electronegativity of acetate ion, CgHsOs”, 
the S value for C 2 H 3 O 2 is first computed. This comes out to be 4.036. 

Next, the S value of silver acetate is computed. It is 3.762. Thus, in 
forming the silver salt, the C 2 H 3 O 2 group has lost electronegativity, from 
4.036 to 3.762, a difference of 0.274. 

But the silver has gained, from 2.300 for free silver to 3.762, an increase 
of 1.462. From Table 2-1, you can see that if silver had lost an electron 
completely, forming Ag+, the gain in S would have been 3.155. Accord- 
ing to this, the silver in silver acetate must have a partial charge of 
1.462/3.155, which is the ionicity of silver acetate. 

Therefore the S change that would have been undergone by C 2 H 3 O 2 , 
if it had become C 2 H 302 “ ion, is given by the actual change divided 
by the ionicity: 

0.274 X 3.155/1.462 = 0,591. 

Negative charge means lower S. Hence 4.036 — 0.591 or 3.445 is the 
electronegativity of acetate ion. 

If this is now used to calculate the partial charges on the component 
atoms in the described manner, their sum will equal, not zero as for a 
neutral molecule, but ~1 for the net charge on the ion. 

• All tables are located at the end of the booL beginning on page 131. 



30 


TEACHING CHEMISTRY WITH MODELS 


Estimation of Radius-m Combinabon 
The electronegativity S is defined as a ratio of the average electronic 
density D to that, Di of a hypothetical isoelectronic inert element But 
each such density is the ratio of atomic number, Z, to the volume 
Z/4 19r® where 4 19 is % pi Therefore 

S = D/D 4 = Z/4 19f^ X 4 19r^/Z = 

Thus m a molecule or ion the radius of each atom as it is in the combina 
tion can be computed 

T = 

where S„ is the molecular electronegativity 
Table 2 2 gives the values for each atomic number for use m sucb 
calculations All the radii of Chapter 10 were calculated in this way 
( See also Table 10 2, page 136 ) These values, especially as apphed to 
compounds conventionally considered "lomc,’* may be considered some- 
what controversial, but the controversy is seldom senous The most im 
portant point in model construction is that the xniernuclear distances be 
correct to scale In the absence of experimental data the radii calculated 
as above will when the spheres are in tangential contact, give reasonably 
reliable single bond lengths The use of these values in calculabng lengths 
of multiple bonds will be discussed in Chapter 10 
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PHYSICAL STATES AND 

PHYSICAL PROPERTIES OF THE ELEMENTS 


The models of the atoms of the elements will prove very valuable in 
helping students to understand the nature of the aggregates of atoms 
which make up the elements in their “free” state. This is necessary as a 
preliminary to an explanation of the physical properties of the elements, 
because aU those properties possessed by an element in bulk result di- 
rectly from the state of aggregation and only indirectly from the atomic 
structure. It is important that your students recogm'ze that a single atom 
does not have such properties as electrical conductivity, thermal con- 
ductivity, melting point, boiling point, density — these are properties of 
aggregates of atoms and very dependent on the structure of Jie aggre- 
gate. 


THE METALLIC STATE 

Most of the elements are metals, and no treatment of their physical 
properties can be complete without first a presentation of the nature of 
■meta\Mc Ton xnay vrisVi \o -ponA tnA yuca students *diat cova- 
lent bonds are only formed when at least one of the combining atoms 
has as many outermost electrons as vacancies, or more. Unless this is true, 
covalent bonds are not formed. Instead, the atoms join together in a much 
more closely packed arrangement in which each atom has far more neigh- 
bors (most commonly 12) than could possibly be held by conventional 
covalent bonds. Nevertheless, the stability of such aggregates is well rec- 
ognized. In many elements it is astonishingly high. The bonding under 
these conditions is called “metallic bonding.” It seems to involve a non- 
localization of bonding electrons, as opposed to a localization in <x>valent 
bonding where two electrons can be assigned to a specific pair of atoms. 
In metals the bonding electrons appear to be shared jointly by all the 
atoms. One can picture a metal as consisting of a collection of cations 
imbedded in and held together by an electrostatic glue of mobile elec- 
trons. 
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According to the rule just stated, atoms from Group IVA through VIIA 
must constitute at least half the pair of atoms being joined together, or 
a covalent bond cannot form All other combinations will involve metallic 


bonding In addibon, as the prmcipal quantum level of the valence shell 
increases, outer d orbitals tend to become increasingly available If one 
assumes that these d orbitals may, to some extent, count among the 
available vacanaes, then elements having the outer octet half filled or 
more than half filled may also satisfy the requirement of an excess of 
vacancies over outer electrons in order to have metallic bonding Thus 
germanium, bn, lead, antimony, and bismuth are accounted for as metals, 
and other borderhne elements may thus also derive their known metallic 
quahties 

The atomic models will be found very helpful in suggesting whether 
the free element will be metallic Very simply, if no more than three 
elecbons occupy the outer four orbitals, the element is sure to be metal* 
he, with the smgle exception of boron, which is intermediate in nature. 
Models with 4 and 5 outer electrons will show elements tending toward 
metalUc properties as their size (principal quantum number of valence 
shell) increases 


Three ^slal models are especially desirable for showing metallic 
lattices These should be the "body-centered cubic, BCC”, the “face- 
rentered cubic. FCC", also called “cubic close packed, CCP", and the 
Tiexapnal close packed, HOP" They are the most common types of 
rnetalhc lattip In the first, each intenor atom is surrounded by eight 
turtr® a “ *<= ™mers of a cube, and six more about 15 per 
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then serve to show either structure. When you are holding the model to 
represent face-centered cubic packing, by rotating the model slightly you 
will be able to see that it forms a face of a cube, together with the cen- 
ters of the eight faces that begin with the edges of the first face. 

Metals having these structures are listed in Tables 3-1, 3-2, and 3-3. 
Unfortunately, no obvious relationship between atomic structure and 
crystal structure of metals can be observed. For photos of models, see 
Figs. B-4, B-5, B-6, and B-7. 

STATES OF AGGREGATION OF INDIVIDUAL ELEMENTS 

If the atomic radius chosen for the body-centered cubic model is that 
of lithium, and for the hexagonal model that of beryllium, a beginning 
can be made toward showing models of all elements in Period 2, in their 
normal state of aggregation. The next would be boron, of which at least 
one crystalline form features icosahedral (20-faced) clusters of twelve 
atoms. (See Fig. B-6.) Each of the twelve has five close neighbors in the 
cluster and is attached to one boron outside the cluster, making six neigh- 
bors in all. The number of bonds is twice the three that are permitted 
by the three outer electrons if ordinary covalent bonds are to be formed, 
yet the solid does not have metallic properties either. Boron is probably 
best presented to your students as intermediate between metal and non- 
metal, but your ingenuity may be taxed if someone asks how it is inter- 
mediate. 

To show carbon, you will need two models, one of graphite and one 
of diamond. A study of the atomic model of carbon will show your stu- 
dents how logical and predictable is the diamond. The atomic model 
shows clearly how and why a carbon atom can form four covalent bonds, 
directed toward the comers of a regular tetrahedron. The diamond is 
nothing more than a crystalline form that results when many carbon 
atoms join to one another by single bonds, each interior atom having four 
close neighbors at the comers of a regular tetrahedron. At this point it 
would probably only be confusing to point out that another structure 
for carbon seems theoretically possible, although apparently never ob- 
served — ^but later on, you may wish to consider the question of the 
\vurt 2 ite structure and the anc blende structure, and why carbon assumes 
the latter hut not the former. See Fig. B-2 for a photo of a model of dia- 
mond. 

An explanation of graphite, and e^edally an explanation of its slightly 
greater stability under ordinary conditions, is not so simple. However, 
if your students study the diamond structure carefully, they will observe 
that it contains nonplanar layers of condensed six membered rings, joined 
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to one of the next layers by bonds from three alternate atoms of each 
ring, and to the other of the adjacent layers by bonds from the other 
three atoms of each rmg If these bonds joining the condensed nng layers 
could be severed, the hberated bonding electrons, six to a nng, could 
establish bond multiplicity in the rings which then would become planar, 
with shorter bonds, since all outer electrons would now be used in three 
bonds per carbon instead of four The structure would thus consist of 
planar layers of condensed rings, held together loosely by relatively weak 
interaction of the layers This is the structure of graphite One can see 
how by forcmg the layers much closer together, the planar layers might 
be caused to change to the diamond structure Indeed, this has recently 
been accomplished by using very high pressures 
You may wish to point out that an alternative form of graphite may 
exist in which the layers are arranged a little differently, it seems hardly 
worth while to prepare a separate model to show this A model of graph- 
ite is pictured m Fig B 2 

The nitrogen atomic model of course shows clearly the capacity of a 
nitrogen atom to form three single covalent bonds From this one 
might predict that three dimensional aggregates of nitrogen atoms joined 
through single bonds might be the natural state of the free element How- 
ever. a tendency for bond multiplicity in these period 2 elements, as 
already sho™ by carbon m its graphite structures, appears to result 
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Here the possibility of overlapping of other orbitals is important, for 
the other orbitals in oj^gen would already be full Repulsion would re- 
sult, tending to weaken the bonding and allow such a chain to be easily 
disrupted Formation of a double bond would thus appear to be favored, 
and O 2 molecules would thus seem explained Unfortunately, however, 
the situation is not quite that simple, for such a molecule would have 
only paired electrons Magnetic properties, which are possessed by oxy- 
gen, depend on unpaired electrons By molecular orbital theory a struc- 
ture involving double bonding but two unpaired electrons is shown to 
be more stable than with the same electrons paired No simple picture, 
however, seems available, and for most purposes an oi^gen molecular 
model is quite satisfactory if it shows the closeness of ordinary double 
bond approach (See Fig B-1 ) 

The fluorine atomic model shows that only one kind of aggregate is 
possible, for each atom can form but one single covalent bond Diatomic 
molecules are evidently the only possibility, and this is how elementary 
fluorine exists, as clearly shown by the Fg model. Fig B-1 
The neon model shows no bonding possihihbes, the external octet of 
electrons leaving no gap m the effective screening of the nucleus from 
electrons outside the atom The existence of the element only as mona- 
tomic molecules is thus easily understood 
Sodium, magnesium, and aluminum are all clearly metallic, as your 
students can readily perceive from the structure shown by the atomic 
models The exact crystalline form may be demonstrated by use of a 
BCC model for sodium, an HCP model for magnesium, and a CCP model 
for aluminum 

Silicon IS easily seen from the atomic model to resemble carbon in its 
outer electronic structure The diamond form of silicon is thus easily 
explained The nonexistence of any multiple bond structure, for example, 
analogous to graphite, needs to be explained Probably this is a conse- 
quence of the underlying shell containing 8 instead of only 2 electrons 
Repulsions of inner shells may help to prevent the closeness of inter- 
action necessary for multiple bonds Also, the overlapping of orbitals 
beyond that of single bond formation may be much weaker with higher 
principal quantum level 

An atomic model of phosphorus wjll show it to resemble nitrogen, but 
the greatly diminished ability of atoms having underlying electron octets 
to form multiple bonds is cxliibiled here as in silicon If single bonds are 
to form, the simplest possible structure is a tetrahedron of phosphorus 
atoms In such a structure each atom would be joined by a single bond 
to each of the otlier tliree A model of the P< molecule (Fig B-3) Mill 
shoM dearly the “cramping’' of the bond angles necessary for such a 
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structure, angles of 60® being observed A tendency to avoid this dis- 
tortion of bond angles would be expected, and P 4 molecules — typical of 
white phosphorus — tend to rearrange to less strained structures such as 
those of red and black phosphorus. 

Sulfur, bke oxygen, has two outer vacancies, as shown by the atomic 
model, but the relative inability to form multiple bonds with itself per- 
sists Two smgle bonds result, in the joining together of sulfur atoms It 
is not easy to explain exactly why, but somehow greatest stability appears 
to he in 8 member staggered rings, for a description of which a molecular 
model IS almost indispensable (See photo, Fig B-3 ) 

An atomic model of chlorine, like one of fluorine, shows clearly that the 
only possibihty is for two atoms to join by a single covalent bond, forming 
a diatomic molecule whose model can be shown (Fig B-1) 


PHYSICAL PROPERTIES 

Many of the common physical properties of the elemenU, such as 
density, melting and boiling temperatures, electrical and thermal con- 
ductance, and mechanical properties such as tensile strength, elasticity, 
theitr’ "e not properties of single atoms They ate 
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Electrical and thermal properties anse mainly from the outermost elec- 
trons If these are relatively mobile — free to move among the atoms in- 
stead of localized between pairs of atoms — the electrical and thermal 
conductivity is relatively high If the outermost electrons are localized 
between specific pairs of atoms, however, the substance is more likely to 
be thermally and electrically insulating Finally, if melting or boiling 
require that large forces be overcome, then the temperatures required 
are usually high, but if only small forces need be overcome, melting and 
boiling points are low Specific examples will be given in the following 
paragraphs 

Unfortunately, the crystal structure alone does not suffice to explain all 
physical properties of metals For example, some of the densest, toughest 
metals of all have the same type of metallic lattice as that of the soft, 
weak, alkali metals Within the general group of metals, one must look 
to the number of valence electrons and the number and type of bonding 
orbitals for explanations of most physical properties However, it is worth 
demonstrating with models of hexagonal and cubic closest packing that 
more planes can be passed through the latter without dislodging atoms 
Malleabihty and ductility can be understood from the general nature of 
metals with their nonlocahzed bonding, for the relative positions of atoms 
can easily be changed without changing their environment significantly, 
and, more important, without breaking bonds The existence of more 
“glide planes” in cubic dose packing than in hexagonal dose packing 
means, therefore, greater malleability and ductility in the former 

Aside from this difference, one may observe a tendency for metal struc- 
tures to be denser, stronger, higher melting and boiling, the more com- 
pact the atoms and the more valence electrons are available Further- 
more, d orbitals and electrons seem to contribute more than s and p 
orbitals and electrons to these qualities 

The alkali metals, whose atoms are relatively large and have only one 
electron for valence, are very low in density, melting and boding tempera- 
tures In contrast, some of the heavier transition elements, whose atoms 
are relatively small, being very compact, and whose d orbitals are about 
half filled, are highest of all the elements m density, melting and boiling 
points 

Although models of the metallic elements m their normal states of 
aggregation thus cannot be very helpful m suggesting physical properties, 
models of the aggregates of the nonmetals show very clearly why they 
possess the physical properties that characterize them 

The first nonmetallic element of course is hydrogen The diatomic mole- 
cules (Fig B-1) with their Uvo electrons largely localized between the 
two nudei, have very low interaction except repulsion among one 
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another Fvirtherniore, van der Waals forces cannot be large, with the re- 
sult that hydrogen has extremely low melting and boiling points, being 
gaseous under most conditions The next nonmetal is helium Here the 
mabiUty of the atoms to form covalent bonds is consistent with their 
general symmetry and resistance to outside influence Consequently, 
hehum is a monatomic gas and not only has the lowest of all boding 
points, but also cannot even become sohdified except under pressure, at 
extremely low temperature 

The exact nature of the bondmg of boron is not yet understood, but 
it appears to be intermediate between metallic and covalent, and what- 
ever it is, it seems that strong bonds hold the boron atoms together in the 
These bonds, at least some of them, must be broken before the 
crystal can break down This makes boron very hard and more brittle 
than malleable, and requires high melting and boihng temperatures In 
both major forms of carbon, covalent bonds must be broken in order to 
produce liquefaction or vaporization These are strong bonds and there- 
ore carbon is nearly highest among the elements in melting and boding 
temperatures Carbon forms give a very good example of how the 
I entica atoms can result in entuely different properties when joined 
ogether m different ways You can show your students that in graphite 
fte space between layers is so great that fewer carbon atoms can be 
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although neon has very low melting and boiling points, these tempera- 
tures are substantially higher than for helium. 

The physical properties of silicon to some extent resemble those of 
diamond, and you can also show the diamond model as representing the 
state of aggregation of silicon. A model of white phosphorus, P4 (Fig. 
B-3), will be very instructive, for your students can see that if phosphorus 
consists of these molecules, the attractions among them must be quite 
weak, and low melting point and relatively high volatility are predictable. 
They can also note the strained bond angles in P4, and recognize that 
such a molecule should be much more easily reactive with other sub- 
stances than any form of phosphorus such as the red or black modifica- 
tions in which the bond angles are normal. Sulfur has also relatively low 
melting and low boiling points; with the help of an Sg model (Fig. B-3), 
you can explain that no bonds need to be broken for these changes, only 
the relatively weak forces between Sa molecules. 

Models of the diatomic molecules of chlorine, bromine, and iodine will 
lead your students to expect low melting and easy volatility here. With 
fluorine they can serve very well to illustrate how with increasing atomic 
radius, increasing number of electrons, and increasing polarizability the 
melting point and boiling points increase because of higher van der Waals 
forces among the molecules. The same point can then he made about the 
inert elements themselves, whose monatofnic gases have very significantly 
higher melting and higher boiling points with increasing atomic number. 

Much remains to be learned about physical properties of the elements 
from the viewpoint of understanding exactly why. The models can create 
no miracle, therefore, in the minds of your students. They can, however, 
when thoughtfully applied in lecture demonstration, do much to impress 
your students with the dependence of state of aggregation on atomic 
structure, and with the dependence of physical properties on state of 
aggregation. Even though the picture cannot be complete, it is certainly 
superior to a mere collection of descriptive facts that bear no obvious 
relationship to one another. 
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GENERAL APPLICATIONS OF 
MOLECULAR, IONIC, AND CRYSTAL MODELS 


MOLECULAR GEOMETRY 

The directional nature of covalence has already been discussed in terms 
of their representation by atomic models With molecular models in ad- 
dition, the picture can be completed 

For example, atoms capable of forming only two covalent bonds are 
chiefly of two types, exemplified by beryllium and oxygen A model of a 
gas molecule of BeCb or BeFa (Fig C- 11 ) or any similar compound will 
show the linear nature of the bondmg that results when all outer electrons 
are used in forming two bonds Models of COg, acetylene, and similar 
compounds are useful in showing how this pnnaple includes multiple 
bonding Tlje effect of two unshared electron pairs is shown well by 
^'^ 2 ’ (CH 3 ) 2 S, and many other com- 
j "'“‘‘'P'o bonding 15 demonsliated by models of 

nair ' v.^ A SO 2 there is only one unshared electron 

pair, so the bond angle is 120® (Fig C-7) 

“">y 'breo bonds, the 

Slr„T n o'"'" P'«*''^bible from the atomic models of boron 

arfdummum and gallium results Models of BF,. BCI 3 (Fig C-ll). and 

adds models of'ntoc a''cid.'‘NO Al "'“'‘■pie bonding 

any other carhnwW 0 ,?°^ ' ” “‘ber olefins, formate or 

and many othts^ ’’ borazene, carbonate ion, COCb, 

silicon IS shown m models fFiP r models of carbon and 

c.p cm j "loaeis (fig c-14) of CH4, S1H4 CH,OH m rv 
S1F4 S1CI4, diamond, CHuF SiH,n anA C.i'4, 

. '-nsf, MH 3 CI. and any of hundreds more The 
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inclusion of multiple bonding adds such models as those of H2SO4, S04% 
HCIO4, CIO4, POF3, POCI3, and many more. The increase from two or 
three to four bonds, brought about by coordination, is shown by models 
of BFs* 0(GH3)2 (Fig. C-11), BFs-NHg, Be(H20)4++. Zn(NH3)4++. 
ALCle, BH4'", AIH4*", BF4", and others, which are also tetrahedral. 

(You will wish to point out that certain transition metals form four 
bonds at the corners of a planar square around the central atom, but 
unshared pairs influence such structures.) 

When all outer electrons are involved in five bonds, the structure is 
more likely to be triangular bipyramidal, as shown by a model of PCI5, 
Fe(CO)5, or AsFe. But if there are six bonds, many models can be used 
to illustrate the structure. Examples are SFc, Al(H20)6'^'^'*', SiFe”, 
PFb-. Co(NH3)o+ + +. and others (Figs. C- 11 , C- 13 ). 

In all these demonstrations, a careful consideration of models of the 
component atoms, followed by study of the molecular models, should 
serve to help your students understand clearly that molecular geometry 
has a relatively simple and logical basis in the structure of the individual 
atoms, 


POURITY AND PHYSICAL PROPERTIES OF COMPOUNDS 

The general principles explaining physical properties of elements were 
discussed in the preceding chapter. In compounds electronegativity dif* 
ferences add their influence. To the extent of these differences, they make 
the bonds polar. If oppositely charged atoms of a molecule are both ex- 
posed to possible outside contact, then electrostatic attraction between 
molecules is possible, as the molecules align themselves so that oppositely 
charged atoms of separate molecules are adjacent. This may result in 
ionic crystals or in polar covalent solids, but in any case it increases the 
intermolecular attractions far above any ordinary van der Waals inter- 
actions. Consequently, higher crystal energy, higher melting and boiling 
temperatures, and lower volatility result. Models of individual molecules 
such as NaCl or MgCb will help to illustrate this, especially when shown 
together with the models of their crystals. 

When the bonds are less polar, the molecules may be attracted to one 
another, but not to the extent of losing their identity as in a NaCI crystal. 
As a result, the crystal energy is usually much lower, as are the melting 
and boiling temperatures, and the volatility is higher. Examples are 
represented by models of sudi molecules as PCI 3 (Fig. C-11), F2O (Fig. 
C-7), SO2 (Fig. C-7), AsFa, and ICl. 

If the molecules are symmetrical, on the other hand, so that the posi- 
tively charged atoms are completely, or nearly, protected from outside 
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contact, then the degree of polanty can exert htUe meuence Indeed, it 
may even result in reduced intermolecular attractions if the outermost 
atoms are all of relatively high negative charge Examples can be shoira 
by models such as of CF, (Fig C-ll), SiF,, CCl, (Fig C-11), and SF, 
(Fig C 11) 

For many purposes a representation of the outer unshared electron 
pairs and outer vacant orbitals of a molecule is unnecessary One valuable 
appbcation of such representation, however, often justifies the extra labor 
in the construction of the models This application is to the prediction of 
the state of aggregation of the compound An important general princi- 
ple of chemical combmation is that extcnor orhttal vacancies tend to be 
come filled, or at least to become shielded so that they are no longer 
accessible to outside electrons If a model shows both unshared outer 
electron pairs and unoccupted outer orbitals, the compound may be pre- 
dicted to condense under ordinary conditions to a crystalline solid The 
only known exceptions are the boron halides, wherein the fourth boron 
orbital, which would remain unoccupied if boron forms three single 
covalent bonds to halogen, appears either to participate m the bonding 
or otherwise to be unable to assist m condensation to larger aggregates 

Conversely, any model in whidi no exterior vacancies occur represents 
a molecule which can only unite with other molecules through van der 
Waals interaction, and the crystals are molecular, much lower melting 
and more volatile 

In addition, relatively stable and nonvolatile “giant molecules” may 
result when the formation of all possible single covalent bonds leads, as 
in S 1 O 2 , to a 3 dimensional network Such stability may be enhanced by 
multiple bonding involving electron pairs on oxygen and outer d orbitals 
on silicon 


VISUALIZATION OF CHEMICAL EQUATIONS 

Models can be of great help to students learning about chemical equa- 
tions for the first time If they can visualize the molecules involved in 
a chemical reaction, they wiU understand much more readily why, for 
Maniple the formulas for the common gaseous elements must be written 
Hr Or, Nr, Clr (Fig B 1), mstead of H, O. N, and Cl They wiU see 
what IS meant by -balancing an equation,’ for once they understand that 
atoms can neither be created nor destroyed in any chemical reacbon 
(excepting nuclear reactions), they will see the necessity of represenUng 
Ac same number of atoms of each element on each side of the equabon 
They wall also understand the logic of reducing such an equation to its 
simplest terms, numencally ^ 
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The burning of hydrogen is a good reaction for which to illustrate the 
equation by models. You can exhibit one H2 model, pointirfg out that 
hydrogen gas occurs in this form, and since the molecule contains two 
atoms, no fewer than two atoms can be involved in the reaction. You 
can exhibit one O2 model, and point out that here also two atoms are 
the minimum number that can be involved. Then you can explain that 
when hydrogen bums in air, the hydrogen combines with oxygen to form 
water, illustrated by a model of H2O. If you set these models on the 
lecture bench in the proper order to represent a chemical equation and 
write the corresponding equation on the board behind them in its in- 
complete form, the students can begin to see at once the requirements 
for the complete reaction. With your guidance they can see first that if 
the minimum number of oxygen atoms that can be involved is two, be- 
cause a single oxygen molecule contains two atoms, then at least two 
H2O molecules must result. You can then supply a second HgO model, 
placing it next to the first one on the bench. Your students can then see 
that it would he impossible to have two H2O molecules if four hydrogen 
atoms were not available, and a single H2 molecule supplies only two. 
Therefore two hydrogen molecules are needed, and a second Hg model 
can be placed with the reactants on the bench. Now your class can see 
that the number of hydrogen atoms and of oxygen atoms is the same in 
reactants as in products. No atoms have been lost or created. The equa- 
tion is therefore complete, or, as is often said, ‘Ijalanced.” Literally, an 
equation implies an equality, and if inequality exists there is no equation. 
For this reason it seems preferable to speak of “completing” rather than 
of “balancing” chemical equations. 

In a similar manner, you can illusCraCe by models any chemical reac- 
tions for which you have models available. The following are by way 
of suggestion: 

1) Ha + Oa-^HaO 

2) Hz-f-Cla-^HCl 

3 ) NaOH (Na+ + OH-) + CHsCOOH-^ HjO + CHsCOONa 
(CH5COO- + Na+) 

4) HzO-^U^O+ + OH- 

5 ) CH^ + Cl2^ ecu + HCl 

6) CH^-fOs-^COa + HaO 

7 ) NH4+ + OH- NHs -f H2O 

8) NH4+ + H2O NHs + HsO+ 

9 ) HCl + H« 0 -^ HsO+ + Cl- 
io) mu + HCl NH*C1 (NH4+ + CI-) 

You will, of course, wish to point out the convention of using the sim- 
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plest formula of substances existing as nonmolecular solids, such as Fe 
for iron and NaCl for sodium chloride Also you may wish to point out 
the inconsistencies of choice of formula for molecular solids, sulfur and 
white phosphorus normally being indicated merely as S and P although 
they occur as Ss and but iodine being indicated as I2, its actual mo- 
lecular formula You can reassure your students that these exceptions or 
inconsistencies are not numerous and, in general, the true molecular for- 
mula IS used for all compounds that are liquids or gaseous under ordinary 
conditions 

OXIDATION-REDUCTION 


The concept of "oxidation slate” and “oxidation number” has limited 
usefulness, but it also has serious defects Molecular models are much 
needed to show more nearly the true state of affairs For example, elec- 
trons are withdrawn to a greater extent from phosphorus in PF3 than in 
PClo, yet convention dictates that the oxidation stale of phosphorus m 
the former is only 3 but 5 in the latter Partial charge representations 
in models show better the actual condition of the individual combined 
atoms The formal oxidation state can ordinarily be deduced from the 
model by noting the number of electrons involved m the bonding and 
the duection of the polarity 

In general, electronegativity serves as an active force in chemical re- 
action, m that the higher the electronegativity, the more strongly the 
atom attracts electrons of other atoms and therefore the stronger an 0x1- 
IS Now, even though a highly electronegative atom has 
rme as many onds as il is capable of, unless it has acquired sub- 
stantial negative charge in the process, it has not lost its potential oxi- 
do 3 ^ T the electronegative atom m the com- 

wt 7 “S'"' " P"nc.ple that a 

.tfeemiJuan Lh other 
^ ■" order to ,mn u„th 

reaeCs be d^Hiposmon (melathefcal) 

be nrd ite anv mnH f 'I "" 
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Similarly, the capacity of any atom to act as a reducing agent improves 
as its negative charge is higher Consequently, the ease of oxidation of 
a compound tends to be higher if its initially more electronegative atoms 
are more negative At the extreme, a negative ion is a better reducing 
agent than the same atom with any lesser degree of negative charge 

DONOR ACCEPTOR ACTION 

Donor acceptor, or more general base acid reactions, are closely related 
to reducing oxidizing ( redox’ ) reactions In general, no atom can act as 
an electron donor unless unshared electron pairs are available to donate 
and for a given element this availability tends to improve with increasing 
positive charge Other factors contribute and may even dominate, but a 
good rule of thumb is that if other factors are equal or negligible, a 
given element will he a better donor the higher its partial negative 
charge With positive charge, as on the nitrogen m NF3, donor ability 
is nearly or completely lost 

Similarly, acceptor activity always requires available orbitals, but or- 
bitals tend to become more available with higher positive charge This 
apparently holds not merely for obviously available $ and p orbitals, but 
also for outer d orbitals 

Examples of models illustrating these principles ivill be discussed in 
detail in later chapters 


THERMAL STABILITY 

Several factors determine the forces bonding atoms together In 
general, thermal stabiUty, or bond strength, appears to increase with 
increasing bond polarity One can therefore predict from the models, 
in a very approximate manner, which compounds are likely to be most 
stable thermally and ivhich to decompose easily when heated Heats of 
formation are of course closely related to thermal stability, being gen- 
erally higher per equivalent, the more polar the bond and the greater 
the thermal stability In any senes of binary compounds of the same two 
elements, in which one exhibits different oxidation states, the heat of 
formation per equivalent is always higher for the lower positive oxidation 
state and diminishes with increasing positive oxidation state of the cen 
tral atom In a senes of chlondcs of the same element, for example, the 
models will show more yellow m the blue, the higher the oxidation state 
of the other clement, corresponding to lower polarity and lower bond 
energy 

One can also observe a relationship beh^cen bond strength and relative 
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sizes of the atoms, or principal quantum levels of the valence shells. Two 
trends are evident: ( 1 ) small atoms form stronger bonds with one another 
than do larger atoms; (2) atoms similar in size form stronger bonds with 
one another than atoms not similar in size. Here the models are helpful 
also in predicting the relative stabilities of different bonds. 

Further, multiple bonds are stronger than single bonds, and since mul- 
tiple bonds can easily be distinguished in the models, here is another 
factor to be considered in estimating the probable stability of a com- 
pound. 
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WATER AND ITS IONS 


Perhaps no more important examples of the wide usefulness of the 
new molecular and ionic models can be discussed than those of water 
and its ions (Fig. C-3). 

PREDICTING WATER FROM ATOMIC MODELS 

You may \isefully begin with atomic models of oxygen and hydrogen. 
Your students \vill be able to predict the interaction of hydrogen and 
ojygen atoms very easily and accurately from these models. They will 
see at once that each hydrogen atom can form but one covalent bond, 
and that each oxygen atom can form two. The combination of hydrogen 
^vith oj^gen in a 2:1 atomic ratio to form molecules of H 2 O is thus 
instantly predictable. (Your more alert students will also predict hydro- 
gen peroxide and speculate about long o^gen chains terminated at both 
ends by hydrogen.) 

From the oxygen model your students will also see that the two single 
bonds ^v^lI be separated by an angle approximating 109®. Unshared outer 
electron pairs, as on the oxygen, appear to repel one another more 
strongly than they do bonding pairs or than bonding pairs repel one 
another. This would result in some tendency for the t\vo bonding pairs 
to be forced closer together, although no way of calculating the exact 
observed angle of 104.5® in water is yet known. The important point is 
that the dissjTnmetiy of a water molecule is readily predictable from the 
oxygen model 

In addition, the yellow-green color of the hydrogen model and the 
blue-green color of the oxygen mode! show the latter to be substanh'ally 
njore electronegative. From this your students can predict at once that 
the bonds must be polar, with oj^gen becoming partially negative at the 
expense of the hydrogens. This combination of bond polarity with struc- 
tural dissymmetry of the molecule should lead, it should be observed, 
to a net polarity of the molecule, giving it a dipole moment, or tendency 
to become oriented by an electrical fields Tb'' ^'''=5 of electronic control 
47 ^ 
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by the hydrogen, correspondmg to partml 

in some contraction of the remaining electronic sphere Similarly, the ac 
qmsiticn of partial negative charge by the oxygen should ^ 

expansion of its sphere In the xvater molecule, then, one could predict 
that the hydrogen would he a little smaller, and the oxygen a little larger, 
than m the atomic models , 

Students can also note that two pairs of unshared electrons on eacn 
oxygen, together with the partial negative charge, should help the water 
molecule to act as an electron donor They can infer from the predicted 
partial positive charge on hydrogen that water might lose a proton rela- 
tively easily And if they know anything about protonic bridging (h)dro- 
gen bonding), they can even recognize the possibility that such bridging 
might occur between water molecules 

All this, and even more, )ust from the atomic models’ 

After you have succeeded in extracting most of these predictions from 
your students, you can then proceed with great effectiveness to produce 
for the fint time a model of a water molecule Their predictions are 
verified in startling detail and accuracy The molecule contains two hy- 
drogen atoms attached to an oxygen atom just as they said, with a bond 
angle close to that they predicted The predicted negative charge on the 
oxygen is shown by the green color and by the slightly larger radius 
Similarly, the slight contraction of the hydrogen atoms together wth 
their orange color confirm their partial positive charge Inclusion of the 
two unshared electron pairs on the oxygen in the water model ensures 
that the students will not overlook its potential ability as donor or ligand 
Such a demonstration is the more remarkable when you realize that 
your students could easily have predicted a molecule exactly like a water 
molecule even if the atomic models had not been identified! For example. 


they would not have needed to be distracted by thoughts such as, “This 
IS hydrogen — what can I remember about how hydrogen is supposed to 
react^ Instead they could concentrate on the qualities of the atom as 
represented by the model It is not necessary to identify the atom as hy- 
drogen to recognize that it can form one and only one covalent bond, 
and no coordinate covalent bonds, and that its electronegativity is inter- 
mediate And, similarly for the oxygen model 

Such an example is only one of thousands that might have been chosen 
The power of atomic models as a teaching aid must be keenly felt when 
one realizes that seeing only two anonymous atomic models, any student 
having a simple knowledge of their meaning could specify accurately a 
reasonable formula and molecular structure and bond polarity of a chem 
ical impound to be formed from these tw-o umdentified elements As 
wiU be demonstrated later, with knowledge of a few more pnnciples. 
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your students solely from inspection of the atomic models could also 
make reasonable guesses regarding the physical state and properties of 
the compound and predict its chemical behavior This, I think you will 
agree, is coming pretty close to achieving an understanding of chemistry 

PHYSICAL PROPERTIES OF WATER 

Protonic Bridging 

Let us now consider the water model It shows at once why water 
molecules are polar It shows also the possibilities of ‘protonic bridging" 
— as I believe most ‘hydrogen bonding” should be termed The associa- 
tion of water molecules is therefore easily understood, and with jt, the 
relatively high melting and boiling points Here a model of ice is useful 
(Fig C 4) If your students know that protonic bridges are linear, then 
the ice structure can easily be predicted, for each water molecule can 
form four protonic bridges at the corners of a regular tetrahedron around 
the oxygen And, although the models show covalent rather than the 
larger van der Waals radii, one can see from the ice model that the regu- 
larity of its structure prevents closest possible packing of the molecules 
Here, then, is a clear and reasonable explanation of the highly important 
fact that when water crystallizes at 0® and one atmosphere, it expands 
There is obviously more empty space within the ice lattice than would 
be likely m a more random although still quite structured body of liquid 
water 

The disruption of this orderly protonic bridging in ice does not require 
breaking all bridges, of course, for many persist, or are broken and re- 
made continuously, up to the boding temperature Nevertheless, it does 
require breaking enough bridges that a relatively large amount of energy 
must be absorbed The heat of fusion of ice, as well as its melting point, 
IS therefore relatively high Much interrtiolecular attraction remains in 
the liquid state, giving to water its viscosity and high surface tension 
The process of vaporization requires not just the breaking do\vn of some 
of the structure, but the separation of the individual molecules one from 
another This requires still more energy, and whereas the heat of fusion 
of ice IS about 79 calories per gram, the heat of vaporization at the boil- 
ing temperature is 540 calories per gram The boding point, 100°, is 
thus also relatively high 

Self-Ionization 

The model of the water molecule should shmv the tivo pairs of outer- 
most electrons on the oi^'gen atom that are not involved in the bonding 
to hydrogen The presence of these pairs, together with the fact that the 
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oxycen bears a partial negative charge, make it easy to understand why 
water through oxygen can act as an electron donor To a limited extent, 
vou can point out water is so acting when it forms protonic bridges, tor 
it IS these extra pairs of electrons on oxygen that attract the positive y 
charged hydrogen atoms of other water molecules But normally the 
positively charged hydrogen cannot actually accept a pair of electrons 
from the oxygen of i second water molecule because its one and only 
orbital IS alreidy involved in the bond to its own oxygen However, you 
can demonstrate by holding up two models of water molecules that they 
can be joined by a protonic bridge Tlien you can point out that although 
these station iry models represent the correct relative internuclear dis- 
tances for the avenge positions of the atoms, in reality these atoms are 
oscillating about these positions and two bonded atoms are now closer 
together, now f irther apart You can also point out tint jlie kinetic activ- 
ity of the molecules in liquid water causes the protonic bridges to be 
continuously broken and remade, the individual molecules constantly 
clianging partners Most commonly, when a protonic bridge breaks, the 
bridging proton remains with its original oxygen, because it is normiHy 
closer to that oxygen and held much more strongly by it However, every 
now and then owing to special combinations of circumstances which >ve 
can only imagine, the protonic bridge breaks in such a way that the proton 
rem iins on the wrong oxygen atom — one which already has two hydro 
gens of Its own When this happens, the water molecule gaming the 
extra proton becomes a hydrated proton, or "hydronium ion,’ 
and the uater molecule that lost this proton is left as a hydroxide ion, 
OH Here it is helpful to produce models of both these ions and illus- 
trate xvilh all the models the following equation 

H.O H2O H3O+ -1- OH- 

You will want to explain that this is undoubtedly a simplified version 
of what really happens because within the liquid water protonic bridges 
are constantly forming, breaking, and reforming, and all the species repre- 
sented by the models are m a dynamic sort of way attached to other 
water molecules ^ 


The students should be impressed with the great changes that occu 
in the hjdrogen and oxygen atoms, as represented by the models, whet 
tins lormation of tons takes place The proton that leaves a water mole 
cole leaves behind it the electron that it once had when it was a hydrogel 
“1 Tnl reisomble assumption that this electron become 
distnbuted l^tween the remaining oxygen and hydrogen atoms in pm 
por ion to their relative electronegativities, the oxygen must becom 
quite negative, much more so than in water, and therefore expand, am 
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become a much superior electron donor Even the hydrogen atom bene- 
fits by this extra electron, acquiring partial negative charge itself The 
model of tlie hydroxide ion therefore shows the atoms both to be larger 
than in the atomic models, ^Mth the oxygen now blue and the hydrogen 
blue green These are very significant changes, but hardly imaginable 
from the stark formulas as usually written on the blackboird or on the 
printed page Similarly, the proton that joins a new water molecule, form- 
ing the hydromum ion, has a high attraction for electrons, and pulls 
chirge from the oxygen which in turn takes more than it previously had, 
from the other hydrogens If, again, we make the reasonable assumption 
tint the valence electrons distribute themselves over the four atoms in 
proportion to their relative electronegativities, we find that all three 
hydrogens are now alike, smdler, and much more positive than they 
were in water, before the extra proton was acquired Likewise, the oxy- 
gen atom IS smaller and much less negative than it was 
These changes must certainly affect the properties of the combined 
atoms In general, there will be many occasions to observe that an atom 
that is initially very electronegative is an oxidizing agent and loses oxi- 
dizing power only to the extent that it is successful in withdrawing elec 
trons from other atoms in the compound But when it has succeeded m 
becoming quite negative, then its residual oxidizing power is negligible 
If It holds extra pairs of electrons, these in general become more avail 
able to other atoms as the negative charge on the donor atom increases 
Applying these principles to the hydromum ion, we may observe that 
it must no longer be an effective electron donor, as is water, but uill 
be mainly an oxidizing agent, since the oxygen in it has not succeeded 
in acquiring much charge We may of course also observe that the hy- 
drogen, being much more positive, might more easily separate as a proton 
if some other electron donor should make available to it a pair of elec- 
trons Looking at the hydroxide ion model, we can observe that here 
the oxygen must be an excellent electron donor, much better than water, 
and not an oxidizing agent at all Furthermore, the hydrogen, no longer* 
being positive, can no longer form protonic bridges or be tempted, figura- 
tivcly spe iking, to seek an electron pur elsewhere 
Nmv, if these are the properties of the hydromum and hydroxide tons, 
what must occur when they come together? Immediately the hydroxide 
oxygen must donate a pair of electrons to one of the protons from the 
h)dronium ion ^Vllat happens? Two waiter molecules are formed 

nsO+ + OH- ^ H=0 + H=0 

For when a h)dronium fon comes in contact xvith a hydroxide Ion, one 
helpfully picture the competition between two electron donors for 
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a proton One donor is a water molecule The other is a hydroxide ion 
The fact that the water molecule already has possession of this proton 
makes no difference, when contact has been made, the competition is 
even Now, if at tins point you direct the attention of your students to 
the oxygen atoms involved, they will see that the oxygen on water cannot 
be nearly as good an electron donor as the oxygen on hydroxide ion, 
simply because it does not have nearly as high a negative charge Conse- 
quently, when both species, the water molecule and the hydroxide ion, 
are given equal opportunity to take on a proton, the outcome is unques- 
tionible — the hyroxide ion wins Therefore it readily removes the extra 
proton from the water molecule, destroying the hydronium ion, liberating 
that water molecule and forming another water molecule 

Then how is it possible to build up, within a body of water, appreci- 
able concentrations of hydronium and hydroxide ions? Why, immediately 
after the accidental rupture of the protonic bridge on the wrong side, 
do not the two ions thus formed react with one another to reform the 
original two molecules of water? Again, we can only imagine, but it is 
easy to picture ways in which these ions could become separated from 
one another at almost the instant of their fonnation, thus preventing re- 
action until they chanced to meet later One way, of course, is by molecu- 
lar collision If either ion should be struck by a moving water molecule 
)ust at the moment of formation, it might be knocked out of reach of 
the other lon^, Another way, as effective or more so. would be through 
protonic bridging with the other molecules Consider first the hydroxide 
ion Among water molecules a hydroxide ion is really among other hy- 
droxide ions which however, happen already to have acquired an extra 
proton each A proton is no more stable on one water molecule than on 
another and thus easy transfer can be imagined Thus, at almost the 
same instant that a hydroxide ion is formed by loss of a proton to a neigh 
bor, It may acquire, on the other side, a proton from another water mole 
cule that happens to be bridged to it at the time of ion formation In 
turn this new hydroxide ion may acquire a proton from still another 
water molecule In effect through a swapping of protons, the hydroxide 
ion is moving rapidly away from the scene of its formation, even though 
the same oxygen which lost the proton is still right there in the immediate 
vicinity of the hydronium ion 

We may imagine a similar situation around the hydronium ion A hy- 
droniura ion is simply a water molecule which happens to have an extra 
proton An extra proton is just as stably held by one water molecule as 
by another, so if at the moment of formation of a hydronium ion, another 
water molecule happens to be bndged at the far side, it may take on a 
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proton, leaving the hydronium ion originally formed almost immediately 
converted to water again The proton may thus jump from one water 
molecule to another throughout the liquid, and in elfect this is exactly 
the same as if the original hydronium ion were doing the travelling, 
which it IS not In summary, even though hydroxide ions and hydronium 
ions react instantly on contact, such contact may easily be postponed 
by migration, real or in effect, of either or both ions from the scene of 


their formation 

Within a relatively large volume of liquid water, one lone hydronium 
ion and one lone hydroxide lon might travel around at random for a 
long time before they happened to collide with one another Be ore t is 
occurs, other hydronium ions and hydroxide ions might be formed in a 
similar way Then, as the concentration of these ions increases within 
Ihe liquid, the probability of their meeting one of opposite sign increases 
Soon a concentration is reached such that the rate of meeting exac y 
equals the rate of formation Meeting always results m estruc ion o 
Ibe ions, hut if they are being formed at the same rate, the net result 
« a constant concentration This equilibrium concentration, atjoom tern- 
perature, is in pure water about 10"^ mole per liter, for eac ion, 
of each is formed simultaneously The product of these 
hons, called the “ion product” of water, is 10"’^ For 

there are about 550 million undissociated water molecules 


AQUEOUS ACIDS AND BASES 

The concept of aqueous acids and bases can now be simply 

the help of models of water and its ions An acidic 
^ solution in which the concentration of hydronium lon ^ S ^ ^ 

pure water A basic solution is one m which the concentration y 
roxide ion is greater than in pure water wifer ion- 

You may explain the importance of the „ater that 

P'otiuct hy discussing the effect of dissolving a su , chlondo 

‘"“cases the hydronium or hydroxide concentration Hy g , j 

'"'"PMes the former A molecular model of Pf^lmon- 

“a'ccule The reaction of hydrogen chlonde with water . 

'""'cd by models 

HC1 + H20v^Hs0+ + C1 

h('^J‘'j'°gcn chlonde is dissolved in water, a donors to the 

chloride ions and water molecules as attached to the 

The fact that the protons are initially already attaeli 
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chloride ions in the HCl molecules makes little difference The great 
numerical excess of H2O molecules eusures that the reaction will go 
mainly to the right, the water stealing protons from the chloride 10ns As 
this excess of water is diminished, then the chloride 10ns more readily 
recover the protons and molecular HCl, as from a solution of concentrated 
hydrochloric acid, is evolved 

Dissolution of hydrogen chloride in water thus leads to a concentration 
of HiO+ ions higher than 10 "’ mole per liter What effect can this have 
on the hydroxide ion concentration^ Certainly, the probability of en 
counters between HiO'*’ ions and OH“ ions is greatly enhanced by in- 
creasing the concentration of H3O+ ions Therefore the rate of recombim- 
tion must be increased If the concentration of OH“ 10ns originally was 
partly the result of the rate at which these ions are formed, and if this 
rate remains constant, then the concentration of hydroxide 10ns must be 
reduced by addition of hydronium 10ns because they are now destroyed 
faster than they are formed However, the rate of destruction must 
diminish as hydroxide ions become increasingly more dilute, because the 
probability of encounters with hydronium ion is diminished Hence, a 
new equilibrium is reached where the rate of recombination of hydronium 
and hydroxide 10ns still equals the rate of their formation but the con- 
centration of hydroxide ions at which this is true is much sm iller In fact, 
the probability of opposite ion encounter is the same whether HiO'*' = 
OH-. or HjO+ is 10 — and OH- is 10 -'-, or H, 0 + is 10 “ and OH' 
IS 10 * Hence the condition for the rates of dissociation and reforming 
of water must be that the ion product constant is 10“** 

Similarly, if NaOH is added to water, its 10ns become separated and 
the concentration of hydroxide ions therefore becomes higher than 10“’ 
inole per liter This enhances the probability that an encounter between 
the hydronium ion and the hydroxide ion will occur, but thus reduces 
quickly the concentration of hydronium ion to a value much lower than 
10-14 ^ equilibrium is reached, at which the ion product is 


Obviously any attempt to increase the concentration of both hydronium 
and hydroxide 10ns in an aqueous solution must result in combination of 
these ions to form water until the ion product is again 10-^* This is 
neutraltTMion It is the fundamental reaction when any aqueous acid and 
aqueous ase react The common definition of neutralization as a reaction 
e ween aci an ase to form a salt plus water is correct m water only 
because the cahon from the base and the anion from the ae.d are left in 
solution af er neutrabzation has occnrred, and evaporation of the solution 
could result m combinatron of these oppositely charged rons to form a 
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Acid and Base Strength 

When your students understand the ionization of acids and bases as 
actually being competitive chemical rather than physical reactions, they 
will then come to understand the differences in acid and base strength 
The ionization of acids, you can point out, involves competition between 
water and an anion as electron donors for protons This has already been 
illustrated by the HCl H_0 reaction described above Otlier examples 
are 

H_S04 + H2O ^ HaO+ + HS04- 
HCIO* + H„0^H30+ + C104- 
HCN 4- H_0 — H 3 O+ + CN' 

HAc + H_0 ^ HjO+ -t Ac- 
HNO, + H20^H,0+ +NO3- 
H.CO 1 + H.0?±H,0+ + HCO 3 - 

ncor + H_o^H(0+ + cor 

HPO4- + h^o^H 30+ -f por 

If, under the prevailing conditions, which nearly always include a large 
numerical excess of water molecules, water is completely successful in 
removing protons from the anions, the acid is strong Incomplete removal 
means that the amons are more nearly competitive with water as electron 
donors to the proton The acids are then weaker, and the better their 
anions function as electron donors to protons 
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of the principle that the higher the negative charge on an atom, the better 
donor it can be Thus in all oxyanions the donor is oxygen, and the partial 
charge on oxygen roughly is inversely related to the acid strength You 
can demonstrate this very well with oxyanion models, for example, of 
nitrate, perchlorate, carbonate, and phosphate ions In the first two, the 
green color of the oxygen shows it to be negative but not more so than in 
water In the second two, the oxygen is blue green or blue, showing much 
higher negative charge HCOa“ ion and HP04“ ion are extremely weak 
acids consequently, whereas HNOj and HClOi, especially the latter, are 
very strong acids 

Hydroxides not only vary from strongly to weakly basic, but even to 
strong acids, for even perchloric acid, HOCIO3, is a hydroxy compound 
The question of why tins range in properties occurs can find partial 
answer in models One can make models of hypothetical molecules of 
such compounds as CafOH)* and ZnfOH)*, even though such molecules 
have no individual existence A companson of these models with one of 
HjSOi (actually, 02S(0H)2) (Fig C* 5 ) provides a fair basis for ex- 
plaining the differences in terms of bond polarity In the Ca{OH)2 model, 
the Ca — 0 bonds are seen to be highly polar, and one can imagine a 
separation of hydroxide 10ns to occur readily On the other hand, the 
^ ® bond IS not very polar, and the hydrogen is even partially nega- 
tive No reasonable likelihood of proton separation is apparent The basic, 
nonacidic properties are thus visualizable and logical 
In the model of Zn(OH)<* the Zn — O bonds are seen to be quite polar 
but not nearly as polar as m Ca(OH)2 Separation of hydroxide ions 
therefore cannot occur so readily, although it can to some extent Here, 
the hydrogen is no longer negative, but bears substantial positive charge 
Une ran^suahze a proton separation as being possible, although not too 
readily Thus the amphoteric nature of the compound is shown, even 
though the mode of action 15 oversimplified 
Tbe model of HjSO^ shows the polarity of S— OH bonds to be so low 
t separation of hydmxide 10ns would seem highly unlikely On the 
^ \ '>'= -ry polar, and sopara- 

r'' logical .and understandable 

Snlfnnc acid is a strong acid and has no basic properties 

Hydrolysis of Salts 

ua'tcr ^00,",'’.!° "><= of rons in pure 

eomnniind 1 , 1 *')‘fronium or hydroxide ions or hydrogen 

that furnish these ions, but also the 

^n^ ^cd °t I"' ^ Pfosont in pure water 

can bo reduced b) reaction avith some added substance that does not 
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directly contribute either hydronium or hydroxide ions In other words, 
hydrolysis of neutral compounds can produce acidic or basic solutions 
The preceding discussion suggests how basic solutions can result from 
oxyanions For example, a model of the carbonate ion was suggested to 
illustrate the strong donor properties of its oxygen which cause bicar- 
bonate ion to be a very weak acid If a carbonate ion can compete suc- 
cessfully against water for a proton, perhaps it can remove protons from 
hydronium ions already present in water, or even from water itself 

CO, 4- H^O+ + H_0 

COi 4-H20:^HC0,“ + OH- 

Since the hydronium ion of the first equation came from the Avater itself, 
its destruction must leave an excess of hydroxide ions in the solution 
Thus, by either or both reactions, the solution is made alkabne 

Even if the anion is not an oi^anion, if it is the anion of a weak acid, 
it will hydrolyze in water producing an excess of hydroxide ions 

CN- + H 2 O :?± HCN + OH- 

In a similar manner, any cation that when combined with hydroxide 
ion gives a weak base will tend to combine with hydroxide 10 ns from 
water, thus leaving an excess of hydronium 10 ns 

2n++ +2 H 20 ^Zn( 0 H)+ + HiO+ 

+2 H20?^(NH40H) + H,0+ 

The aadily of certain metal jon solutions can be explained with the 
help of a model of a hydrated zinc or aluminum ion, [Zn(H 20 )<]'’‘+ or 
[Al(H20)fl] + + + If equalization of electronegativity throughout these 
ions IS assumed, then these models show the hydrogen m the coordinated 
w'ater to be more positive than in free water and the oxygen to be less 
negative Some transfer of protons to the free water is therefore expected, 
since we know that it occurs even from free water to free water 

[Al(H.OM + + + +H20^H,0+ -f- [A1(H20)50H] + + 

You may point out that aiding this reaction is the fact that oxygen in 
h)droxide ion is a much better donor than oxygen in wafer and would 
coordinate more stabl) to the aluminum 
In conjunction with considering the h)drol)'Sis of ammonium ion, )ou 
may wish to expand on the subject of ammonia ^ou can point out on a 
model of ammonia the presence of an unshared pair of electrons on the 
nitrogen Tlie fact that ammonn is in general a better donor than water 
is not apparent in the molecular models Tlic atomic models, however, 
sliow nitrogen to be less electronegative than ox)gen Other factors, sucli 
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as negative charge, being nearly equal, combined nitrogen would be ex- 
pected to be, therefore, a better donor than combined oxygen Once this 
IS established, it explains the fact that in water ammonia is basic 

NHa + H20^NH4+ + OH- 

The fact that the reverse reaction occurs to an appreciable extent ac- 
counts for two phenomena One is the hydrolysis of ammonium ion to 
yield slightly acidic solutions The other is the destruction of ammonium 
ion by hydroxide ion, with liberation of ammonia Showing the model of 
hydroxide ion, you can point out that it is a far stronger donor than 
ammonia and thus easily takes protons away from ammonium ions 


WATER AS AN ELECTRON DONOR HYDRATES 

The ability of water to act as donor to a proton is also applicable to 
any acceptor, of which the most numerous and important are cations A 
model of an inert type cation, with its four outer orbitals vacant, can be 
helpful here along with a water molecule model You can point out that 
in principle all cations will attract the negative end of the water dipole 
and have vacant orbitals that might accommodate an electron pair of the 
water oxygen The attraction is expected to be least strong where the 
cations are alkali metal, for these have least electronegativity, but even 
here as will be discussed below, loose hydration occurs in solution With 
cations of higher charge or higher electronegativity. deBnxte hydrates may 
torm, the water becoming coordinated in a sphere of usually either four 
or SIX molecules around the cahon Again, models of the hydrated zinc 
a uminum ions {Fig C-13) will suggest the nature of such hydrates 

WATER AS A SOLVENT 

heloFn! I* three types ot compounds, besides water, should be 

St ousaSr^ir’"*'"® Unfortunately, full ex- 

^:rZtreh\nrZhyirrof:i^ 

:;dStr”t'“T-Z f '* -^ as“solumZ“rT“"'^ 

solution) the Zu "'olecularly (to form a 

solution), the component particles of each must become semrated to 
make room for particles of the -n. r , separatea lo 

solid or liquid pLes that sutaanhl W ‘ Z " 

these component particles ComeauenZ separate 

tion can result unLV '-ons^uently. no separation and thus no solu 
tiou can resul unless some new force compensates for the old 

For example, water moleenles are held together m the hqnid by 
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protonic bridging Very little of other substances can penetrate unless 
they have the means to compensate for the resulting reduction in bridging 
A hydrocarbon, or carbon tetrachlonde, is held together by weaker van 
der Waals forces and can be penetrated relatively easily However, if 
water and the hydrocarbon are placed in contact, water molecules cannot 
separate from the water layer to penetrate among the hydrocarbon mole- 
cules because the latter have very little attraction for them and the 
protonic bridging would need breaking Hydrocarbon molecules, for 
their part, might be able to break loose from one another relatively easily, 
but they have no attraction for water molecules, comparable to protonic 
bridging They could not penetrate the water layer without breaking this 
bridging The two liquids therefore are immiscible 

Two ways of joining water to another compound exist One is through 
protonic bridging, the other, by coordination bond formation and/or 
dipole ion attraction A model of sucrose (Fig C-IS) admirably illustrates 
the first In it the hydroxyl groups closely resemble those in water The 
molecules of the sugar crystal are probably held together by protonic 
bridging, but they could evidently form bridges to water molecules just 
as easily Likewise, water molecules could as easily become bndged to 
sugar molecules as to one another Naturally, water and sugar molecules 
mix easily with one another, and sugar is very soluble 

A crystal model of NaCI (Fig C-12) is better, but models of the indi 
vidual ions would be better than none, to illustrate the dissolving of an 
ionic compound The cations will attract the oxygen end of the water 
dipole and the anions, the hydrogen end The energy of solvation of these 
ions IS enough to break down the crystal lattice, and the salt becomes 
dispersed, to a certain limit, through the water in the form of its ions By 
holding the water model properly oriented to the ions of the crystal, you 
can help the class visualize the nature of occurrences that result in solu- 
tion when the salt and solvent come in contact 

Other properties of water, such as the hydrolytic decomposition of 
certain hydrides and halides, will be discussed in later chapters 
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OXIDES 


The full significance of water chemistry cannot be found m brief treat- 
ments such as that of the precedmg chapter, but only when the proper 
place of water among all the oxides in the periodic table is understood 
For hydrogen is just a little above the median in electronegativity, and 
oxygen highest of all but fluorine Thus, hydrogen oxide (water) must 
stand near the middle of the oxides when they are grouped in order of 
increasing electronegativity of the second element 


PHYSICAL STATES AND PROPERTIES 


You may find it useful to introduce this subject by first considering 
carefully the nature of the oxygen atom with respect to atoms of the other 
elements This will give your students additional practice in reasoning 
from cause to effect and additional insight into the reasonableness of 
properties as a consequence of structure 
The water model has been discussed m detail m the preceding chap- 
ter Similar treatment of other binary compounds of oxygen can also be 


Beginning with lithium oxide, if you show the lithium atomic model and 
the oxygen atomic model, your students will be struck at once by the 
great contrast in appearance The large lithium atom, with only three 
e ec rons, IS remar y larger than the much more compact oxygen atom 
with eight elections As previously pointed out, this difference in com 
diHerence m the ability of these 
A T "'-y >^'ectxonegnt.v.ty of lithium is 

hi' T 'S’” ’"g'- el^'^'ronogat.v.ty of oxygen by 

t^^o®^r„ si' , configitions of the 

lithium atoms oxygen atom can unite vsnth two 

not exist a^ seta ^ ''“T ^oggosts that thisTubstance^shonW 

i ftl Ymf rt' be highly condensed in crystal- 

line form You may not wish to try to provide crystal models of aU the 
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solid oxides, but you will find it helpful to have type models and also 
“atom-pair” models The latter consist simply of two atomic spheres, in 
this case, one of lithium and one of oxygen (Fig C-7), showing by rela- 
tive size and color the calculated covalent radii and partial charge in 
Li„0 These spheres are attached not in contact but through a bar of 
some kind — a wooden stick for the larger models, a piece of pipe cleaner 
for the smallest scale — indicating that this pair is intended to show only 
the individual atoms of the compound and not the state of aggregation It 
IS helpful to represent outer electrons and vacancies on these spheres, in 
the amount that would be left uninvolved in simple covalence In the 
lithium oxide the lithium sphere would have three pai n balls 

appended to the surface to represent three vacant orbitals The oxygen 
sphere would have two pairs of white balls attached to represent two 
electron pairs left over after normal covalence The presence of both 
vacant orbitals and otherwise unshared electrons thus serves as a basis 
for predicting a crystalline aggregate of a highly polar nature, since in- 
dividual molecules would condense rapidly when possessed of these 
qualities 

The exact nature of this crystalline aggregate can be described with 
the help of a model (Fig B-13) of fluorite, CaFo Li-*© has the fluorite 
structure m reverse — sometimes called the “antifluorite” structure — in 
which the lithium atoms occupy the positions of the fluorine and the 
oxygen atoms occupy the positions of the calcium 
The atomic model of beryllium shows that beryllium atoms can foim 
two bonds, and since tlie oxygen model shows that oxygen also can form 
two bonds, an empirical formula of BeO can be predicted The red 
orange color of the beryllium shows it to have higher electronegativity 
than lithium but still relatively low, especially compared with the green 
ish blue of oxygen A highly polar type of bonding is therefore easily 
predictable An atom-pair” model of BeO will serve to verify these 
predictions, and, by showing tw o empty orbita ls on the beryllium and 
two pairs of otherwise unshared electrons on the oxygen, suggests very 
strongly that the state of aggregation will be that of a crystalline solid 
A model (Fig B-11) of wurtzite (ZnS) will serve to illustrate the struc- 
ture of beryllium oxide crystal, in which each beryllium is surrounded 
tetrahedrally by four oxygen atoms, and each oxygen by four berylliums 
Evidently all four orbitals of the beryllium and all outer electrons of the 
oxygen are effectively occupied in the crystal bonding 

Boron atoms, as shown by the model, have three outermost electrons 
and can form three covalent bonds The formula BsO* is therefore pre- 
dictable Tlie state of aggregation is not so evident, however, the presence 
of a f ourth unoccupied orbital on the boron after three single bonds arc 
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formed suggests that this orbital might assist in any condensation which 
might occur Actually bone oxide appears to consist of a boron-oxygen 
network, or giant molecule type of crystal Certainly one could predict 
considerable polarity in the individual bonds, from the contrast between 
the yellow-orange of the boron and the greenish-blue of the oxygen (Fig 
C-7) 

Molecular oxides begin with the next element, carbon Here the atomic 
models would suggest that carbon might unite with oxygen to form a 
giant molecule network of single bonds, each moderately polar, judging 
from the initial electronegativities Instead, greater stability appears to 
result when two double bonds per carbon atom are formed Carbon 
dioxide molecules appear to have bonds of essentially this nature If all 
the carbon valence electrons are used in the bonding, and only two bonds 
are formed, then, as previously generalized, these two bonds must be as 
ar apirt from one another as possible This prediction is borne out by 

the 

r ' ° '’“"'is and the bond iimitipliaty (Figs C 7, C-4) 
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model has the capacity to form but one covalent bond, and oxygen two, 
the formula should be F 2 O. However, they will also note that here is a 
situation where oxygen encounters an element more electronegative even 
than itself Consequently, they can predict a small polarity with oxygen 
positive, and fluorine negative, and they can understand that this is not 
actually an “oxide,” but rather, a fluoride, whose formula more con- 
ventionally should be written OFo The bond angle, a little less than 
tetrahedral, suggests that the two lone pairs of electrons on the oj^gen 
may repel one another most strongly of the four pairs (counting those 
used in the bonding), thus forcing the two fluorine bonds a little closer 
together The model of this molecule (Fig C-7) will confirm their 
predictions 

With sodium again, the capacity to form covalent bonds is one and the 
electronegativity is very low, as shown by the atomic model You may be 
somewhat hard put, then, to explain why when sodium is burned in air 
or oxygen, the chief product is NazOz instead of NajO However, you can 
point out at least that NajO is also an oxide of sodium and has the prop- 
erties of high polarity and condensing to a crystalline aggregate which 
one could predict from the atomic models By way of apologizing for 
nature’s seeming incongruity in the normal peroxide formation, you can 
observe that an electron is lost from a sodium atom with somewhat 
greater ease than from lithium, and that if each of two oxygen atoms 
could acquire an electron from a sodium atom without the need of 
breaking the single bond portion of their bonding, this might happen 
more easily Furthermore, the crystal energy of a peroxide so formed of 
sodium might happen to be considerably greater than of lithium, owing 
to the larger size of the sodium atoms 

An atomic model of magnesium shows it to be more electronegative 
than sodium but less so than beryllium, and the prediction of the formula, 
MgO, IS quite straightforward So, also, is the high polarity of the bonds 
An "atom pair model will show, as in the case of beryllium oxide, two 
vacant orbitals on the magnesium, and a prediction of condensation is 
therefore m order The crystal structure is not the same, however, for with 
the larger magnesium and greater polanty comes 6 6 instead of 4 4 co- 
ordination In other words, each magnesium is surrounded by six oxygen 
atoms and each oxygen by six magnesiums instead of each by four as in 
beryllium oxide This is the “rock salt” structure typical of the alkali metal 
halides 

Aluminum, as shown by the atomic model, is more electronegative than 
magnesium, but still should form quite polar bonds with oxygen In fact, 
you may wish to point out that the stability of such bonds contnbutes 
notably to the success of the tbermite process, in which a Jess polar 
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oxide such as of iron or chromium has its oxygen "wrenched away” by 
metallic aluminum, with the evolubon of a large amount of energy signi- 
fying the greater stability of the new bonds The formula AI 2 O 3 can 
easily be predicted, and an ‘atom-pair” model (Fig C-7) will show the 
possibility of the fourth orbital of the aluminum becoming involved m 
condensation to a crystalline lattice Here a stable network of aluminum 
and oxygen atoms is formed, in which each aluminum is surrounded by 
SIX oxygens and each oxygen is surrounded by four aluminums This re- 
sembles a rock-salt structure in which one third of the six aluminums 


that should surround each oxygen are missing from the lattice, in sym- 
metrically located positions (See Fig B-12 ) 

The atomic model of silicon will show it to be substantially less electro- 
negative than carbon, and consequently capable of forming more polar 
bonds to oxygen This, coupled with the lesser ability of silicon to form 
ordinary multiple bonds, results m a "giant molecule’ type of condensa- 
tion instead of single molecules of SiO. like those of carbon dioxide 
Ihe phosphorus model shows only tour orbitals, one of which contains 
an elootron pair and is therefore unavailable for ordinary covalence One 
^ 1 ? ¥ ict the formula PjOs and that the bonds would be some- 
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bital of the phosphorus, on the other hand, could permit double bonding 
to the oxygen, with resultant bond shortening. A model of p40io (Fig* 
C-7) shows the result, and helps the students see why 'T2O5*’ is incorrect. 

To explain the common sulfur oxides, too, outer d orbitals must be 
invoked. If any of you can think of a good way to represent these orbitals 
in an atomic model, please let me know. For the present discussion your 
students ^vilI have to imagine them. As they view the sulfur atomic model, 
they must keep in mind that eadi of the two electron pairs left after 
the expected divalence is shown, may produce further bonding capacity 
by promotion of one electron out of the pair into an outer d orbital. This 
creates capacity for iwo new bonds at a time. Thus sulfur can form two 
single bonds or four or six, but not ordinarily three or five. 

Sulfur \vith m^gen then might most directly ( assuming no S — S bonds) 
form SO, SO2, or SO3. Early reports of SO appear unconfirmed, and at 
present it may be regarded as unknown. Efforts to avoid expanding the 
"valence octet” have led to statements that SO2 is a “resonance hybrid” 
of :b — S= 0 : and : 0 =S — S:. However, sulfur can certainly “exceed the 
octet,” as in SF4 for example, and there seems to be no good reason to 
suppose it does not do so in SO2. In fact, the bonds are short enough to 
be double bonds. Similarly, SO2 seems more reasonably described as 
having three double bonds, whose length incidentally is the same as in 
SO3. 

The higher oxides of chlorine likewise require either use of d orbitals 
for double bonding or that the electron pairs of the chlorine be donated 
to the oxygen. The former seems more reasonable. A model of CI2O7 
(Fig. C-7) can be sho\vn as an example of a compound in which, as in 
bOs, all outer electrons of a nonmelallic atom are used in bonding by 
aid of the outer d orbitals. 

If you now go back over these models representing the oxides and 
let the students suggest the physical properties that might well result 
from these structures, you should find them beginning to understand some 
of the simpler relationships. They will probably be able to predict rela- 
tively strong forces among the atoms in the more polar oxides and recog- 
nize that such forces will contribute to relatively high melting points 
and low volatility. They will be able to study those aggregates which 
present to their neighbors an exterior of electron pairs only, and thus 
can have mainly van der Waals type attractive interactions. These they 
should recognize as leading to relatively low melting temperatures and 
high volatility. They wU probably notice then that the physical differ- 
ences between nonmetal oxides and metal oxides originate very logically 
'vith the differences in nature between nonmetal and metal atoms. 
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ACID BASE PROPERTIES 

One of the most important disbnctions between metal oxides and non- 
metal oxides has been that the former are basic and the latter, acidic 
With the help of models, your students can understand what this means 
and why it should be so 

Let us consider first aqueous systems Water, as previously discussed 
and as evident among the models (Fig C 7), is intermediate among the 
oxides in the charge on oxygen, and it can act as electron donor through 
the unshared electron pairs on the oxygen It can also act as electron 
acceptor, through losing a proton to some donor Water is thus ampho- 
teric Oxides having more negative oxygen than water can take a proton 
rom water, leaving the hydroxide ion, which is now a better donor and 
can add to the oxide 

For example, the oxygen m CaO is more negative than the oxygen in 
permitting a proton to be drawn from the 
ca^aum^"^ nyaroxide ion then donates an electron pair to the positive 

CaO -t- H.O-> CaOH+ + OH" 

CaOH+ +OH-^Ca(OH)3 

of a clLs^ of product calcium hydroxide," but it is only one 
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Tims oxides of elements less electronegative than hydrogen can at most 
be slightly acidic in their aqueous reaction However, if the element is 
much less electronegative than hydrogen, its electrons must be largely 
removed by the OH oi^gen, making the bonds very polar and the separa- 
tion of OH“ ions easy These hydroxides are therefore basic, and the 
more so, the more polar the E — OH bonds 

But when water acts as electron donor, its oxygen loses some of the 
electrons it did control to the element that is more electronegative than 
hydrogen Consequently the oxygen becomes more electronegative than 
it was in water, and withdraws more charge from the hydrogen than it 
did in water The H — O bond is more polar, and it becomes easier for 
other water molecules to remove a proton than when the proton was part 
of water In other words, the complex oxide is acidic in water solution 
And since, as you can easily demonstrate in the models of the free acids 
such as HNOj and HjSO^, the bond between oxygen and the other ele- 
ment IS less polar than in water, the chance of separation of a hydroxide 
ion diminishes to practically zero 

The chief reason for the importance of the position of water in the 
oxide system, however, is that it is liquid and a common solvent Funda- 
mentally, there is no difference between complex oxides formed by water 
and those formed by non-hydrogen oxides For in general oxygen of 
higher negative charge can act as donor to oxides in which the oxx’gen 
has lower negative charge, forming complexes with the more electronega- 
tive other element centered in the complex anion and the less electro- 
negative other element cationic In these terms basic hydroxides, oxyacids, 
and oxysalts differ mainly in nomenclature For example, ZnO, which 
forms an amphoteric hydroxide in xvater, is amphoteric on its own ac- 
count 

ZnO + SOt-^ZnSOi 

ZnO + Na_0 ^ Na.ZnOj 

Highly polar oxides can react with slightly polar oxides in only one way 

CaO + SOt —> CaSOi 

From the models your students can easily predict the nature of the 
reaction between metal oxide and nonmelal oxide to form salts They 
Will then find it easy to understand why the more oxjgens that compete 
for the same electrons, the less negative charge each can acquire and 
therefore the less basic and the more acidic the oxide is Models of SOj 
and SO, unfortunately will not show this well because the charge on 
ox)gcn does not differ sufficiently to show on tlie color scale However, 
a comparison of CrO and CrOi, for example, amII illustrate this trend 
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The stability of the complex oxides appears to depend largely on the 
extent to which the anion can control the bonding electrons without being 
distorted If the proton with its high electronegativity and high polar- 
izing power IS the cationic part of the salt, it is likely to be relatively 
unstable This is shown by the common phenomenon of free acids de- 
composing more readily than many of their salts, some, like carbonic 
acid, even being unknown in isolated form With a model of a hydrated 
cation you can demonstrate how the anion is protected by the hydration 
from the charge and polarizing power of the cation Tins explains why 
hydrated salts of oxyanions are more plentiful than the anhydrous salts 
The structure of a typical complex oxide can profitably be sho\vn, be- 
cause the concept of alternating cations and anions leads to misunder- 
st inding of the real situation If, for example, )ou have a crystal model 
of CiCO-, (Fig C-8), >ou can point out that actually each Ca is sur- 
rounded bx SIX oxvgen atoms, and each oxygen is attached to two cal- 
ciums as well as to a carbon 


OXIDIZING PROPERTIES 
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less negative from left to right Associated with this change, they will 
recognize the trend from stable, solid crystalline oxides to volatile, less 
stable covalent oxides of much lower polarity The trend is also from 
strongly basic to strongly acidic oxide, from nonreducing to strongly oxi- 
dizing compounds Not only the trends across periods but also the simi- 
larities and occasional differences within major groups of the periodic 
table are clearly evident from the models (Fig C-7) and an understand- 
ing of what they represent A collection of models of oxides over the 
periodic table can do much to demonstrate the importance and the real 
meaning of the periodic law When your students begin to acquire the 
fundamental understanding of oxygen chemistry that is so much more 
easily available with the help of such models, they will be well on their 
way to developing an understanding and appreciation of chemistry in 
general 
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CHEMISTRY OF HYDROGEN 


The intermediate position of hydrogen among the elements in electro- 
negativity makes models of the binary hydrogen compounds especially 
interesting, because they show m the combined hydrogen a wide range 
rom blue green for highly negative charge to red-orange for quite posi- 
tive charge A collection of models of molecules, hypothetical or real, 
ot all the binary hydrogen compounds of the inert-shell and 18-shell 
e ements can be used to demonstrate spectacularly the periodicity of the 
elements, as well as to help correlate and explain the properties of the 
l^culd recommend at least the following {gase 

or hiohlv^^ r under ordinary conditions is ionic 

Men Al?. CH.. NH„ H,0, HF. NaH, 
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model of a single molecule of lithium hydride (Fig. C-9), they will be 
pleased and impressed to find it meeting exactly the specifications which 
they nere able to predict from the atomic models alone 
Examination of the atomic model of beryllium will disclose that this 
atom can form two covalent bonds» that these must be located at opposite 
sides of the atom if the two vacant orbitals are not to be used in the 
bonding The students can see that although the electronegativity of 
beryllium is substantially higher than that of lithium, it is still much Jess 
than that of hydrogen Consequently, they can predict that the bonds to 
the two hydrogen atoms that will unite with each beryllium atom ^vlll be 
quite polar, but not so much so as m lithium hydride The expansion of 
the hydrogen and the contraction of the beryllium can also be predicted 
If you will now show them the model of beryllium hydride (gas mole- 
cule) (Fig C-9), they will see its linear shape, the blue-green of the 
hydrogen and the orange-red of the beryllium, and feel the gratification 
that comes from successful prediction and a feeling of understanding 
From the model of boron, they can see that it can form three bonds 
toward the comers of an equilateral triangle about the boron nucleus, 
and will therefore unite with hydrogen in a one to three ratio From 
the boron electronegativity, they can see that the bonds nviII be less polar 
than in the beryllium hydride, but still somewhat polar since the hydro- 
gen IS clearly more electronegative than the boron Unless they know 
about hydndic bridging, discussed below, they will not be able to predict 
that two groups will dimerize and thus each will become nonplanar, 
using the fourth boron orbital This they need not be ashamed of, for 
the best of chemists would not have predicted this either at the time of 
its discovery In fact, the dimeric nature of boron hydride gave the theo- 
retical chemists a shock from which they have not yet altogether re- 
covered But your students will see, when you show them the diborane 
model (Fig C 9), that their predictions about bond polarity and rela 
tive numbers of atoms were entirely correct 
A model of a carbon atom will show your students very clearly that 
it IS capable of uniting with four hydrogen atoms, to be located at the 
corners of a regular tetrahedron around the carbon Tliey will predict 
that the bonds will be very close to nonpolar — in fact, from the carbon 
and hydrogen models, unless their eyes are delicately color sensitive, 
they may think the electronegativily difference is zero Actually the car- 
bon should be just a little greener yellow than the hydrogen Your model 
of methane (Fig C 9) will confirm their predictions The carbon is 
yellow green indicating slight negative charge The p irtial charge on 
hydrogen, although positive, is too small to be shown by the color sc<ale, 
and the atoms are therefore yellow for nearly neutral 
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From a model of a nitrogen atom they will see that although five 
electrons are available, only three vacancies to accommodate electrons 
from hydrogen atoms are there Consequently only three hydrogen atoms 
can unite from one nitrogen atom They will easily see that the electro 
negativity of nitrogen is higher, and therefore will be able to predict that 
in the compound hydrogen will acquire a partial positive charge, con- 
tracting a little, while nitrogen expands a httle as the result of its nega- 
tive charge Furthermore, noting the extra pair of electrons, judging its 
availability from the negative charge on the nitrogen, and noting the 
positive iiature of hydrogen, they will be able, if they know about pro 
P^®dicl its possibility here The model of ammonia 
(t-ig C 9), of course, confirms all these predictions 
Water has already been thoroughly discussed (Chapter 5) 
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IS the only form for which a reasonably accurate covalent radius is 
known How much smaller or how much larger is not known and there- 
fore only arbitrarily represented in the models ) With less negative hy- 
drogen the compounds are less ionic and tend to solidify, it is believed, 
through hydridic bridging This is probably the structure of solid BeHo 
With boron the bridging is limited to a double bndge between two bo- 
rons such that the expected BHi has no stable existence but forms the 
dimer, B_H< In methane the hydrogen is no longer negative, since carbon 
IS slightly more electronegative than hydrogen No longer is there ap- 
preciable association under ordinary conditions until the hydrogen be- 
comes sufficiently positive, as in NH », H_0, and HF, to produce molecular 
association through protonic bridging 

The states of aggregation of these binary hydrogen compounds thus 
largely as usual determine the physical properties Ionic hydrides are 
nonvolatile and high melting (or decompose before melting) Volatility 
increases and lower melting points result with decreased association cor- 
responding to decreased negative charge on hydrogen Then, as hydrogen 
becomes partially positive, its ability to form protonic bridges increases, 
and although ammonia, water, and hydrogen fluoride are very volatile, 
they are not nearly as volatile or as low melting as would be expected 
if protonic bridging did not occur A similar trend is noted going across 
the periodic table from sodium to chlorine, with certain significant dffer- 
ences and exceptions Like lithium hydride, sodium hydride forms ionic 
crystals Magnesium hydride is probably somewint more ionic than 
the beryllium compound, but still largely associated through hydndic 
bridging Aluminum hydride differs from boron hydride in two significant 
ways hy^r/?gen is more negaUve, sisive ahiminum is }ess eJectrcwega- 
tive than boron, and it has more than one vacant orbital th it might be 
employed in the hydndic bridging Instead of forming a dimer, aluminum 
hydride forms a polymeric solid presumably by hydndic bridging using 
outer d orbitals as well St}ane, SiH^, has negative hydrogen, in contrast 
to methane, but is so symmetrical that it is very volatile and shows no 
evidence of hydndic bridging In phosphine, PHi, the hydrogen is believed 
to be only slightly negative, and instead of available empty orbitals, the 
phosphonis has an unshared electron pair Thus there is no possibility 
of protonic bridging sucJi as occurs in ammonia, and phosplune has much 
lower melting and boiling points than ammonia Hydrogen sulfide has 
slightly positive hydrogen, but it is not sufficiently positive, and the sul- 
fur IS not sufficient!} negative, nor small enough, for appreciable protonic 
bridging The contrast in properties between water and h}drogen sulfide 
IS therefore very striking In Jiydrogen chloride the hydrogen is now more 
positive, but again the chlorine is too large for effective protonic bridging 
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to occur, and the contrast m physical properties between hydrogen 6uo- 
ride and hydrogen chloride is nearly as striking as between water and 
hydrogen sulfide 

My interpretation of what I choose to call ‘hydridic bridging” is at 
present somewhat controversial Some may doubt that there is any funda- 
mental cause and effect relationship between this kind of bridging and 
any fancied or real partial negative charge on hydrogen The empirical 
relationship cannot be challenged, however, for to the best of my knowl 
edge, no hydndic bridging is knoivn where the charge on hydrogen 
would be calculated to be neutral or positive, or where an available or- 
bital on a positively charged atom does not exist Hydndic bridging 
seems always to occur when the hydrogen is calculated to bear negative 
charge and the adjacent atom has positive charge and awacant orbital 
The degree of association of binary hydrogen compounds seems very 

e nitely to be related to. and to increase with, increasing negative 
charge on hydrogen 

The self consistency of the interpretative scheme on which these models 
are bised is one of its most satisfying features 
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« veil as“ 3e hi “e„ “ct as acceptor Complex 

donor acceptor action rs sometir^es daS Ta m'° ""“"''“"l 
Negtine hjdrogcn rs basic, and positive hydroven a 
Armed vrtl, these princmles all n™ . Xamgen acidic 
chemical properties of binarv h 1 ^ needs to do to predict the 

Iccuhr m'odcU Hg -s to study the mo- 

Ig C.9) If these show the hydrogen to be highly 
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Surveying the whole periodic table of binary hydrogen compound 
models, one can visualize the periodic trends in all directions with great 
clarity. An advantage of hydrogen compound models over oxygen com- 
pound models in this respect is that they cover a wider range of chemical 
activity. Whereas the oxides go, left to right, from nonoxidizing to oxi- 
dizing, the hydrogen compounds go from actively reducing to oxidizing. 
The hydrogen compounds cover, in fact, a wider range of variation in 
properties than perhaps any other class of compounds, except the all^^l 
derivatives of the elements which in some respects are quite similar. 
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small and red orange in color, in hydro^n fluoride The nature of all 
the elements that form the expected hydrogen compounds, which in- 
cludes all the inert shell and 18 shell elements, is disclosed by the nature 
of these hydrogen compounds and by the condition not only of the com- 
bined hydrogen but also of the other element in the hydrogen compound 
Since hydrogen is only intermediate in its oxidizing power, elements 
made highly positive by reaction with hydrogen must initially have been 
highly reactive, strongly reducing metals This is shown in the models of 
alkali metal hydride gas molecules, in each of which the metal atom 
IS red and the hydrogen greenish blue Proceeding to major groups of 
higher number, the hydrogen approaches neutrality and then becomes in- 
creasingly positive, but even in the extreme never so positive as it is 
negative at the other extreme The reason for this lies in the fact that 


although hydrogen is classed as intermediate in electronegativity, it is 
actually somewhat on the high side, there is less difference in electro- 
negativity between even hydrogen and fluonne than there is behveen 
hydrogen and the alkali metals 

The effects of similarities and differences within major groups can also 
be pointed out in the models, or with their use For example, the altema- 
lons in e ectronegativity that result when the electronic type of atom, 
descenchng a major group, changes from inert-shell to 18 shell is clearly 
shown The simplest hydride of boron IS dimeric, B.He Aluminum, being 
less electronegative than boron and therefore differing more from hydro- 
pivi’tict^T^^ ^ ^ ^ J whidi the hydrogen has higher negative charge, 

steaLf A1 r " *'> ‘■Kociate through h^idic bridging In- 

association^ ^ P° This tendency toward further 

PossrHl hv r ^ '“'S” “t the aluminum and 

wh h are We ^ « g-''-"-. ‘he of 

2 e close wf ■ Tn r” •'"= hydride would be even 

™re Sh “ “PPears to be dimeric, Ga.H., 

ent with a highp polymers are also known This is consist- 

tral hydrogen is no'l Methane, with practically neu- 

SiH., in vloii the hydrorn T ‘"®“"''"“hle nor hydrolyzable Silane, 
taneously inflammable aL hv^T ‘*'?P‘'™h'T negative, is both spon 
neither oxygen nor water ^attjclr “^‘'““ry conditions, 

methane This would not he ^ germane, GeHj, which is more like 
the trend set by carbon and siWi 7 77“'?* germanium followed 

back toward carbon is quite comiU*’" t alternation in electronegativity 
the properties of methane The “hserved return toward 

neutral "’'’‘’o' ^eH. shows the hydrogen to be 



CHEMISTRY OF HALOGENS 


lattices of high stability. As polarity becomes less, association diminishes 
In AlClt the empty orbital on the aluminum together with the relatively 
high chlorine charge and therefore availability of unshared electron pairs 
for bonding, cause, in liquid and vapor state, dimerization to Al.Clo 
(Fig C-11) One chlorine atom on each of two aluminum atoms serves 
as donor to the other aluminum, the two aluminums thus becoming at- 
tached through a double chlonne bridge Doubtless you will wish to 
point out that this cooidination increases the bonding electron pairs 
around the aluminum from three to four, and consequently changes the 
geometry from planar to tetrahedral Some bright student will be likely to 
ask why a similar dimerization of BCli does not occur You will be able to 
point out that the boron is not as highly positive as the aluminum in their 
respective chlorides and that the chlorine is more negative in the alumi- 
num compound and therefore a better donor than the chlonne in BCL, 
but this will not explain the gallium halides which are dimeric and the 
fact that even BF^ is not You may perhaps suggest that “back coordina- 
tion," which means donation of a pair of electrons not already involved 
m the single bonding from the chlonne, can possibly occur more readily 
with the smaller boron atom than with the larger aluminum and gallium 
atoms, thus utilizing the extra orbital of the boron But no complete and 
clear-cut answer appears to be available 

Carbon tetrachloride is very symmetrical so that even with its polar 
bonds the molecule as a whole is nonpolar Intermolecular attractions 
are therefore relatively low, giving the compound relatively low melting 
and boiling points These values are, nevertheless, considerably higher 
than for Cl_ itself, and you may wish to consider possible reasons for this. 
With your class 

The notorious instability of NCI, is not something readily explained 
from the NCI, model, except in terms of weaker bonds between atoms of 
different size plus the very high energy of the N^N bonds fomed by its 
decomposition However, from here on, through C1_0 ^ i’ ^ ^ 
diminished intermolecular association corresponds to lower bond polarity 


as clearly sho\vn by the models , , i j 

In a similar way, the physical trend from NaCl to Ch can be discussed 
If vacant orbitals and unshared electron pairs are indicated on all these 
models, the condensation to crystalline solids can e pm icle e er 
than just from obserxed geometry and bond polarity le mo es o 
LiCl and NaCl gas molecules, for example, will then show three vacant 
orbitals on each metal atom and three unshared electron pairs on each 
chlonne atom If your students have in mind the genera princip e la 
chemical combination tends to continue until all expose vacancies are 
utilized m bonding or physically shielded from bonding, they will see 



CHAPTER 

8 


CHEMISTRY OF HALOGENS 


CHLORINE 

An examination of the atomic models of the elements will disclose that 
chlorine is third highest in electronegativity, exceeded only by 0 }q^gen 
and fluorine. In its compounds, therefore, chlorine is always partia y 
negative, except when combined with oxygen or fluorine. Mode s o 
gaseous molecules of the following will be useful: HCl, LiCl, BeCb. b a. 
CCh. NCb, CUO, GIF, NaCl, MgCb, AUCIq. SiCb, PCI 3 , PCI 5 , SjCl;, 
SClj, Clj, and perhaps others. Crystal models showing the various struc- 
tures of solid chlorides may also be useful. 

Starting with atomic models, you may wish to have your students 
predict the nature of the above molecular models before you show theni. 
Thus the chlorine and hydrogen models Nvill show that each atom can 
form only one covalent bond, and the formula, HCl, is thus prede- 
termined. Its polarity is likewise easily predictable from the electroneg 
ativities, as indicated by the blue-green of clilorine and the yellow-green 
of hydrogen. The orange (H) and green (Cl) model of HCl (Fig. C-9) 
wll then confirm your students’ expectation. 

The lithium model again makes easy the prediction of a 1:1 formu a, 
an its red color showing very low electronegativity suggests high hon 
polMity which the red and blue model of LiCl will confirm (Fig- C-Hh 
Ihe beryllium model will indicate not only the BeCL formula, but also 
configuration ot the molecule. Ag..in, the bond poto- 
BeCl “'Ihough not as high as in LiCl- 

first bepTi th ° surprises when the component atoms a 

first been thoughtfully studied. 

be predtTelt” =*'* molecular models can 

in a general t >!"•>% of AlClj, which can be discussed 

Following physical and chemical properties. _ 

cate the rek tan?'''?' established earlier, you can now md 

the of aggregahon 

® nighly polar bonds will correspond to ionic crystJ* 
78 
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Another general principle is that of donor ability inereasing with rrega- 
tivt charge acquired Chlorine in the less polar chlorides has essentiMly 
no donor ability, despite its unshared electron pairs However chloride 
1 orev:; cHorine^only as negative as in alunainum "e - d.^ 
cussed earlier, can act as donor in formation of 

pounds Where less polar chlorides I'^ve available outer ortaals they 
Ly become joined to polar chlorides, forming, f” 

SnCl and so on Large numbers of such complex chlorides are knoivn 

m am anXus to tL complex oxidesmthatthemored^^^^ 

of the hvo other elements becomes part of the anion, leaving the 

element as the cation , cV>nw inter- 

In general, the binary chlorides over the 
esting and rather close resemblances in trends “”‘1 
oxygen and hydrogen compounds discussed m 

ofmodels of Llecules of chlonne compounds, m ^ f”™ 

periodic table, will display the facts of periodicity very well 

fluorine 

Fluorine is the most electronegative ^ 

models of fluorides will show the fluorine as n ® models cor- 
charge You may And it helpful to have ^ 

responding to your set of chlonde models, for . ^ , f Juglier 

sets will sWv very well the similarities as well as the effects of tug 

'"■S"srrat;::.s -i. ..™ - j-- r “ S:S,S. 

Tims the hydrogen model and the tl„s molecule svill 

to predict without hesitation a formula of ^ , negative A model of 

be quite polar, with hydrogen positive “n ® j jn „ s.milar 

HF (Fig C-9) svill show that the ,“drogen compounds 

manner, just as described in detail for ox)g * churfnres for other 
in preceding chapters, the formulas and mo ecu ar , demon- 

fluondes can be predicted from the atomic mo e s , . simple 

stration of the llecular models The - X-al Jro^erL 

molecules and the states of aggregation, an The^cLmistry of the 

of fluorides, mil all be slimvn by T’’." Jjl not be 

fluorides closely resembles that of the chlondes, 

“ “srs;:", 

First, the protonic bridging V'°"nnshared electron pairs of 

model of HF, especially if it includes the three uns 
the fluorine, one can see that waUi the high negative charge on 



80 


TEACHING CHEMISTRY WITH MODELS 


why, m addition to the reason of the electrostatic forces, these molecules 
will tend to condense as they do Similarly, when they observe that such 
models as those of CCU or GIF show no outer orbital vacancies but only 
electron pairs, they can understand why these molecules do not condense 
except weakly as permitted by van der Waals and sometimes dipole- 
dipole interactions You will find it helpful, indeed, to consider in detail 
each chloride molecule with respect to its likelihood of intermoleailar as- 
sociation or other condensation and with respect to the physical prop- 
erties that have been observed You will find that your students cannot — 
nor can you — predict exactly what these properties will be, but they can 
at least predict approximately, and any specific physical property can be 
rationalized m terms of the nature of the component ions or molecules 
Chemically, the general principles stated earlier can be illustrated very 
well by the properties of binary chlorides Chlonne which in combining 
has failed to acquire high negative charge retains its potential ability to 
do so by bre iking loose and attaching to some less electronegative atom 
From left to right across the periodic table, therefore, oxidizing (chlo- 
rinating) power of binary chlorides increases Even so apparently inert a 
compound as carbon tetrachloride, in which the chlorine can be seen to 
be only slightly negative, can react explosively with finely divided metals 
if the reaction is initiated At elevated temperatures carbon tetrachloride 
IS an effective chlorinating agent With increasing negative charge, how- 
ever, tie combined chlorine naturally loses electronegativity, and oU 
compminds wherein the chlonne of the models is bine-green or blue (as 
in NaCl) are relatively inert and ineffective as chlorinating agents 
Displacement and double decomposition reactions involving chlorides 
can be explained quite well by use of the models, for these involve the 
important general principle that highly electronegative elements tend to 
negative as possible and that reactions tend to proceed spon- 

mem C nVr "-“dels tlL if a giveifele- 

hve cW I'l 8 "''= «'e chlorine a lo,L nega- 

ment r cert ? "’"i ‘'-e B-t ele- 

Thfconvm rs^ " evpeeted to displace the second from its chloride 
chlor'rirLre neem «■»< forms a chloride in which the 

which gives electro^ i chloride .mother element 

completely Double decomposi- 
more pohr 1 1 the hthuim-chlonne bond is 

hydrid'etVarm^mZ'rrs^X h^d 

sition (metathelical) reaction could^nh °f ”P°n 

lithium chloride One would prediet es rn llll^o "” ^ “ 

uivi essemiaiiy no reverse reaction 
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A model of nitrogen fluor.de (Fig C-11) ™11 show the bonds to be 

somewhat polar, wifh the nitrogen end P™*™ m"olL- 

tive, and one would expect from the pyramidal structoe “e molec 
ular dipole moment would be quite high On the contrary, ; 

and one may suppose that the unshared electron pair on the nitrogen is 
clrd to al,ust"i'u average position in such a svay - ‘o — 
of the polarity induced by the fluorines However, thjs electron P!»J 
tainly does not thereby become more avaUable for ‘ ^ 
ordination bonds With the positive charge j, o,er 

peet these electrons to be less availabli^tbe nitrogen *° 

Lor-and indeed it is Nitrogen tnfluonde appears to lack almost com 
pletely the basic properties shown by ammonia and amines 

Sulfur hexafluoride IS an interesting compound to show by model ^Fig^ 

C-11) In It, none of the fluorine atoms have succee e i A | 

negaL charge, and hence, in principle, the conipouud sho»^^ 
polerful fluonnating agent Actually, it VT'n® ’' ' l l being 

to be no question about the potential for .-ng^iy avail- 

present. but here is a good example of how the ac o „ ^ mole- 

able mechanism for a reachon results in a , shielded from 

eule is highly symmetrical, and the sulfur is so or “S ^ reagent can 
the outside world that under ordinary conditions no " . 

attack It All such a reagent “sees” when it ar tX com 

reactive sides of fluorine atoms, the bonds themselves appear to be com 

"■'Ss^rSiodic table, the fluorides vary - 

do the o\ides and the chlorides At the left, ® ^ volatility The 

crystals, ordinarily very stable, high melting. o\ and 

fluorine, being already negative, has no tendency o ® agents) 

the fluondes in this region are nonoxidizang (no numbers of 

Fluor.de ion can serve L electron donor and there arejarge num 
complex fluorides and related compounds TO P b g atmg 

nght-liand side of the periodic table, one obsem=s thaMhc 

abilitj begins and increases. *=“ g "Xnty decrease the strength 
hined fluorine decreases, that as the bond pol ty io\vcr melting 

of association decreases and the volatility increas , models of binary 
»d boiling points resulting In short, a oofl«bon^of iimde^^ y 

fluondes across the penodic tabic can show p 
<^hciTuca] pcnodicit)’ very v' cll 
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fluorine atom and the high positive charge on the hydrogen, conditions 
are optimum for the formation of hydrogen bonds (protonic bridges) It 
IS not surprising, therefore, that protonic bridging occurs in hydrogen 
fluoride, even in the vapor state at ordinary temperatures, causing 
polymerization to linear, and possibly cyclic, structures of significant but 
not high stability The physical properties of hydrogen fluoride, as influ- 
enced by this high degree of association not observed in the other hydro- 
gen halides, are therefore different from those other halides to a degree 
that IS noteworthy, and has led to classification of hydrogen fluoride as 
anomalous Thus, hydrogen fluoride has a much higher boiling point 
(nearly 20°) than would be expected from the low values for the other 
hydrogen halides In general, it differs from the other hydrogen halides 
in much the same way and for much the same reasons as does ammonia 
from other group IIIA hydrogen compounds and water from the gaseous 
hydrogen sulfide, selenide, and telluride You may wish to point out that 
this high attraction between proton and fluoride ion, as shown by the 
stability of HF and the extent of protonic bridging, results in weakness of 
aqueous solutions of hydrogen fluoride (hydrofluoric acid) as an acid 
A model of the bifluonde ion, FHF”, will show that the hydrogen is 
equally distant from each fluonne, an observation interpreted as meaning 
that the two bonds must be exactly equivalent In other words, here is not 
the usual hydrogen bond” in which the proton remains attached to its 
original molecule and remains at a considerably greater distance from the 
atom of the second molecule that attracts it Here seems to be truly 
divalent hydrogen, and as the model shows, if the electronegativity be 
comes equalized by distribution of the charge among the three com- 
accordance with their relative initial electronegativities, 
the hydrogen does not even remain positive, but bears a small negative 
rge e ond energy is found to be four or five times as great as that 
ot an ordmaty protonic bridge, another important bit of evidence that 
the bonding here is quite unusual 

interesting in its physical properties, as, 
a a ough the ™d.v.dual honcU are q„„e pola\ .t .s a gL w.lh J evidence 
hiph m U ° n^akes aluminum fluoride a nonvolatile, 

Sd bec".! 'fr J shorter even than 

Tf tt boref “"1 'T vary possibly the extra orbital 

fl irnn^atom ^ectrons ot the three 

p“Ztv r k-ves little op 

bo ranortiital ‘‘“‘"abon However, such use ot the tonrth 

nZds horl 1 fl" ■" *= of coordination com 
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BROMIDES AND IODIDES 

These compounds resemble the fiuondes and chlorides quite closely, so 
that discussion of them individually should not be needed here In gen 
eral, the trends m oxidizing power increasing from iodine to fluorine, and 
in reducing power increasing from fluoride to iodide, must be taken into 
account in any comparison among the different binary compounds of 
halogen 
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COORDINATION CHEMISTRY 

Addition Compounds 

The planar configuration of Lewis acids of Group IIIA, such as BF3 
and AICI3 monomer, is changed to tetrahedral by the formation of a 
fourth coordination bond. This can be demonstrated, for example, by 
showing models of BF., and (CH3).0 and then of their LI addition im- 
pound (Figs. C -11 and C- 14 ). The structural change rould, “f ““” • 
have been predicted easily from the idea that the bon separ 
one another as far as possible. . . , . 

You may wish to point out that a similar change in s rue 
donor molecule does not occur, because the full oc e o e . > 

already present around the donor atom even before coordinabon. A model 
of NH, or N(CHj) 3 will serve to demonstrate this. 

Crystal Coordination 

'Vlien the formation of an individual molecule would 
oihitals unshielded and unoccupied, as, for examp e, in ■ 

">0lecu1es do not persist, but rather condense ‘ Tbon^ng 

"I'ich the otherwise vacant orbitals appear to of ZnO 

A model of the "wurzite” structure (Fig. B-H). 

"ill demonstrate one way in which such condensation 
. '^'tahedral bonds to zinc, whose two single bonds are normally linear. 

’ One cannot always explain crystal bonding, '^p^'^tonds. 

; in terms of'sp^fic orbitals 

” "as |ust done for ZnO. For example, LiCl has „ ^Vith 

'"tant orbitals around the lithium, but six vacant 

0^' fm" exceptions, bowever, moleralcs th.at v ou ‘ polymeric 

l ab and unshared electron pairs ron ense -„mm-pair” model, 
11 students will be able to predict rom ) atoms of a 

‘ P'obable state of aggregation of the compounds. If all the 

S5 



FIG B-IG SET OF MODELS SUGGESTED FOR^ELEME^^^ 

INSTRUCTION Such a set can gne ‘ be scleclcd Al«> 

'u.h raodcls on the bans of nhieh additional models can 
needed: Atomic models. 


MISCELLANEOUS MODEL APPLICATIONS 

number of molecules at once, the new models bmng cheaper have 

great advantages For example. f^l^nem "del of 

pensive atoms of the ^ reluctant to assemble sucb a 

cortisone, or sucrose, and one would 

model for one brief showing and then take , models^ is one 

lem presented by the new type of X where classes are small 

of storage, and this is not too serious, especially wn 

and the smaller scale models are adequate 

Isomers , 

A collection of models of isomeric aU the 

helpful in discussing this subject For example, one might exhibit 

isomeric octanes and point out the differences 

Nomenclature u 

, j 1 mnHpls of their derivatives could be 

A set of hydrocarbon models and na compounds 

very useful m a student exercise on of more molecular models 

Simply turn the students loose with a d names This should be 

that are labelled only by code, gra|hical formulas on paper 

far superior visually to using a collection o g f 


Functional Groups . 

A set of molecular models representing ^o,enal for student 

pounds can be a valuable j^nts identify the functional 

exercises For example, one might have '‘“^^f„”V,eries of models 

group and therefore the kind ethylamine. acetaldehyde, 

representing ethanol, ethane, diethyl » Tnercantan, ethylene 

diethylketoL, ethyl acetate, ethyl chloride, atom, 

glycol, acetic acid, and as many more as esir ^ number of such 

even the smallest budget should find room f 
models 

Partial Charge Effects „ _f *Up 

By the methods of charge calculation no matter 

same element m the same molecule n,ay object to this, 

flow or to what other atom they are att _a-bon m HCOOH is not 
claiming, for example, that the ^ tj,e difference is in 

fto same as that attached to oxygen This ' a,mched, and not 

‘I'e nature of the other atom to which he hydrogen ^ 

-ecessanly a difference in charge n,„pnosition that seems 

dependent of all other bonds to the Mm . „ ^ j ^ EJcctroneg- 
'“gWy Illogical and unacceptable, and unless the I-nnc.p 
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molecule exhibit an exterior of unshared electron pairs but no vacancies, 
your students can then predict that the compound, if solid, will be held 
together only by relatively weak forces and will probably therefore have a 
low melting point and be relatively volatile The compound, depending 
on the number of atoms per molecule, in part, is quite as likely to be 
either liquid or gaseous at ordinary conditions 

Complex Ions and Their Compounds 
You may wish to demonstrate by models both structure and isomerism 
of complex ions For the latter purpose special models as described here 
have some advantages Instead of glued connections for bonds, magnetism 
may be used To each of four large spheres of styrofoam, perhaps 4 to 5 
inches in diameter, attach six small magnets, imbedding them flush with 
the surface and gluing in place in positions at the 6 comers of a regular 
octahedron (90® bond angles) Two inch diameter spheres of various 
colors — to distinguish them as representing different ligands — are each 
equipped with a small thin piece of sheet iron glued flush to the surface 
and partly imbedded for greater strength 
With such models you can easily demonstrate positional isomerism For 
example, when two different kinds of ligands are attached in square 
planar configuration, your students can easily see that if the complex is 
MAaBj.^two isomers are possible one where the like hgands are adjacent, 
or cis^ the other where the like ligands are diagonally opposite, or 
trans Similarly, when six-coordinalion is involved, one can easily dem 
onstrate the equivalence of all the “cis” positions and the difference from 
CIS, but mutual equivalence of the three possible trans combinations 
somensm involving more than two kinds of ligand can similarly be 
demonstrated 

For all these demonstrations, several of the magnetic spheres can be 
different or apparently different structures can be com- 


SOME APPLICATIONS TO ORGANIC CHEMISTRY 

For many purposes and especially those involving the teaching of 
s ereoc emistry wherein hindered” rotation must be explained, the con 
lona commercial models, which represent both van der Waals and 
n ing ra n, are very satisfactory, and superior to the models described 
erein, in which nonbondmg distances are not shown and the bonds are 
usually assembled to be rigid and nonrolalmg Where it is desirable to 
show charge distribution, as m teaching about inductive effects, the new 
mo e are superior. For permanent displays or even for companson of a 
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SOME SUGGESTIONS FOR STUDENT EXERCISES 

You have already read, ur preeed.ng chapters. ™ 
shmulatrng student parferpation rn the ^ 

predict compounds from examination of models of atoms of *e Merent 
Lments hL are some variations and extensions ^ 
helpful for student activity m the laboratory For most if 
exeLses the smallest scale model should be quite f f 
these may be too easily misplaced, lost, or pocketed Jf 
large, traLparent plastic boxes, inside which each 

nemly mouLd wLe it can be inspected from all angles but not directly 
handled may be obtained 

1. Valence . 

This IS a laboratory exercise which h^ been 
chemistry courses several times now with very sa s ^ i student 
following information on mimeographed sheets is giv 
some tune m the week preceding the laboratory perio 


VALENCE 

A Laboratory Exercise 

I. ^ „ h.,p p.. .. “r r."a 

of the term “valence and to understand r^mviHpd with a set 

elements in then ability to form bonds, you will e p models are 

01 13 models represenLg atoms of vanous elemm. ^h- “/e 
styrofoam spheres, on the surface of wh ^^^.^.^eaded and white- 
s and three p orbitals) are ) A white tack head 

headed tacks ‘ (Please do not loosen these tacKs ) 

represents an elLon, a black tack head jX4on Anro"o 

an orbital which is capable of tack head! then 

orbital can accommodate two electrons p completely Riled A 

represents a pan of electrons, or an o that is 

pair of black tack heads represents two vaea«i^. 

“mpletely unoccupied ^ P‘*“' “"*‘!r^one°electron and therefore has one 
head represents an orbital containing H 

vacancy, to which another electron might be addea 

. .1 t /.Inn fnto the styrofoam surface until 

Upholstery nails, pushed °»ei gs well and more cheaply 

“ash, are satisfactory, but spots could be painted as weu 
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atmty Equalization, for reasons not evident, is invalid, there seems to be 
no alternative to the assumption that all atoms of the same element must 
have the same charge m a given molecule 
Oxidatwn A set of models showing the methane oxidation senes can 
be instructive by showing the change in condition of the combined car- 
bon and hydrogen with increased degree of electron withdrawal "These 
models should be CH4. CH3OH, HCHO, HCOOH, and CO2 (Fig C-14) 
The methane fluorination senes can similarly be usefully represente 
CH4, CH3F, CH2F2, CHFa, and CF 4 (Fig C-14) 

Actds A comparison of models of any alcohol and the corresponding 
acid, for example, methanol and formic acid, will show how the nature 0 
the hydroxyl group is changed by substitution of an oxygen for two 
hydrogens on the hydroxyl carbon The O — H bond is made much more 
polar, with the result that the very slightly acidic properties of the alcoho 
become much enhanced in the carboxyhc acid (Association through 
protonic bridging also seems to increase, judging by the higher boiling 
points of the acids ) 

The “inductive” effect of an electronegative substituent on the alpha 
carbon of a carboxylic acid molecule can also be shown by models of hot 
acids and anions For example, the O— H bond in chloroacetic acid is 
shown to be more polar than that in acetic acid Also, the oxygen in the 
acetate ion is seen to be more negative than that m the chloroacetate lon 
Both show the greater acidity of the chloroacetic acid Successive sub- 
stitution can similarly be shown to increase the acidity, and trifluoroace- 
tale ion contains oxygen of very low negative charge and therefore poor 
e ®ctron donor ability, which is characteristic of a strong acid 

lermal StabiUtij In some compounds a considerable degree of ther 
mal instability appears to be associated with partial positive charge on 
wo covalently attached atoms In oxalic acid, for example, the two 
car on atoms have fairly high positive charge, and the molecule c 
composes easily This result is to be noted especially in models of TNT 
u!! ^T'lg C-15), whose explosiveness may well be en 

nee y the instability caused by adjacent high positive charges 
( uorocarbons are notable exceptions, it seems possible that electrostatic 
carKn ctween each carbon and the fluorine atoms on adja^o 
bonds'^) ^’^pensate for the expected weakening of carbon-car on 


DossiKU The above discussion suggests only a few of the 

istr\ \f ‘^^'oos of these models to the teaching of organic chem 
cernwt , X applications are likely to occur to those actively con- 
cerned w,ih organic chemistry 
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either electron donor or electron acceptor is shown on the the 

number of pairs of outer electrons that are, or would be, m the valence 
state, or hy\he number of empty outer orbitals that are, or would be, 

unoccupied in the oalence state. , . , „ 

Atoms in which the outer low-energy orbitals are all filkd-withj 
or 8 outer electrons and no vacant orbitals indicated-are unable form 
bonds and are therefore chemically inert. 

Prediction of Empirical Formulas 

Practically always an atom svill form as many covalent bonds as it can 
or at least Le all available electrons, ratber than f-’™ 
leaving one or more electron-vacancy 

on thi! rule permits the prediction of the composition “J “ 

two different elements on the basis of the f 

atoms. For example, if atom A has an outer eleetronm 

the valence state indicates the ability to form hvo ''"S’" 

and atom B similarly can form three, the compound most likely to form 

when A and B react can be predicted to be 2 * would con- 

In this exercise we are interested only >" e 

tain covalent bonds (or ionic bonds). , between them is 

fewer outer electrons than they do consider 

metallic, not covalent For the purposes of a nf tlip combining 

only those possible combinations that covalent bonds 

atoms has at least 4 outer electrons. We sha » „ccnTnp thit other 

can be formed in all such combinations, and we sha " 
combinations would form metallic bonds. The num j easily be 

and therefore the formulas of intermetallic compounds, cannot easily 

^ Wmber, in judging from the modek the 

be formed, (1) that the same number of^o^^^ 

model shows the "ground state or th ordinary covalent bonds 

(2) that coordination bonds do not fom therefore not be included 

have been formed. Coordination bonds should therefore not 

in the number of covalent bonds that can e orm 
Directional Nature of Covalence: Prediction of Angles 

One more property that is when s and p 

direction. Theoretical calculaliom ha chemical bonds, these 

Orbitals are simultaneously ijcome averaged, forming 

nrbitals do not remain a and p but another, 

"cw orbitals of intermediate nature and all cquivalenr 
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Bond forming Capacity. Prediction of Number of Bonds 

In considering the distribution of the outer electrons of an atom among 
the four orbitals, ^ and three p, one must distinguish between “ground 
state” structure and * valence state” structure In building up of electron 
energy levels, within any given principal quantum level the s orbital 
always becomes filled before any electron goes into a p orbital Thus, 
when the number of electrons in the outer shell is more than one, the s 
orbital always contains two electrons, in the ground (or most stable) 
state of the atom 

However, the amount of energy necessary to promote one of these « 
electrons to a p orbital in the same principal quantum shell is relatively 
low As will be discussed in more detail below, when an atom combines 
chemically, it makes use of as many orbitals as possible Stated differently, 
the electrons do not remain paired in any one orbital as long as there is 
any orbital that has no electrons (this discussion concerns only the four 
outer orbitals ) Specifically, then, the valence state of an atom differs from 
the ground state if the ground state contains both fully occupied and fully 
vacant outer orbitals The difference is that in the ground state an atom 
contains a pair of electrons in the s orbital but m the valence state, which 
IS the state significant in chemical reaction, one of these electrons is pro- 
moted from the s orbital to an otherwise vacant p orbital Thts set of 
atomic models includes both ground state and valence state electronic 
representations Thus, two different models may represent the same ele- 
ment For example, in the ground state an atom might have a pair of 
electrons in one orbital and one electron in another orbital, leaving two 
more orbitals completely vacant In the valence state the same atom 
wou ave but one electron in the first orbital and one electron in each 
^ o^her orbitals, leaving but one more orbital completely vacant 

ere are two kinds of covalence, one involving an electron-vacancy 
com inntion on each of the combining atoms and the other involving a 
pair o e ectrons in the outer orbital of one of the combining atoms and a 
\acnnt outer orbital of the other The electron shanng, 2 electrons held 
mu ua y y ^vo atoms each using one of its orbitals for the purpose, 
pro uces a chemical bond This bond is called just a “covalent bond ’ if 
eaci aom supplies one of the electrons, or a “coordinate covalent or 
simply coordinate” or “coordination” bond if both of the shared electrons 
rame ongimlly from just one of the atoms The number of single covalent 
bonds tliat an atom can form ts then shown by the number of electron- 
\acanc> combinations— half occupied outer orbitals— that exist, or could 
be created b> promotion of one electron on the surface of the model The 
number of coordinate covalent bonds and the funebon of the atom as 
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EXERCISE 

This .s what you are to do If you have not read the above drscussron 
carefully, do so first Then study each model very carefully and fill n the 
accompanying chart Each model has a code letter identifying t to the 
instructor This code letter is not a chemical symbol! First bst the code 
letter Then indicate whether the model represents the “ 

the valence state or perhaps both Remembering t la e , 

different must change to the valence state before abenuca combination 
can occur, indicate how many ordinary covalent bonds the atom can 

form, what would be the bond angle, how "lany coordinate coval t 

bonds it can form, and whether m the forming of the have 

expected to act as electron donor or electron acceptor ^ 

completed the tabulation of this information for all thirteen m , 
predict the empirical formulas of binary componnds “f onoh “tom ^ 
each of the others (except when metallic bonding ^ spaces In 

discussed above), and write these formulas in the app P ^ you 
these formulas underline the letter that designates the element which yo 

would predict to have the negative charge nf these 

FinaUy, identify all the possible actual elements that each of these 
models could represent 

We have found that one set of thirteen models is 
group of ten students, and that one two hour laboratory period is about 

adequate for the exercise 
2 Penodicity — Atomic Models 

Perhaps to supplement your own lecture */^ems 

rtniction of a periodic table, using the atomic "“"if X‘e 

you may wish to devise a laboratory exercise in w ' nofother- 

Personal inspection of the individual j to place these ele- 

wise Identified), can decide to ‘b«rr^«>''“ b“ ^,,o,onts of 

“ents in a periodic system -^ey b® ^ oonfiguLtions and place 
e same group by their similar ““ “ according to increasing size 

fhem in proper sequence within the group a & 

^ Periodicity — Molecular Models 

Your students, by examining a set of ' “"/oTmple ot- 

™!>lor group elements with any one of t e J arrangement and 

gfn should be able to arrange them ‘ P,^ aially if the outer 

‘dentify them by their composition and struc P models 

Wed electros and vacLcies are represented on the models 
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purposes but also establish a sort of chemical museum which in a few 
years could be very valuable in attracting interest to chemistry as well 
a helpM in study and research. Even for students not majonng m chem- 
i^ t experieLe of creating for themsidves the -- 
wto would othersvise he very nebulous and 

in sugeesting similar approaches to problems of learning and understand 

ngl'Sherilds. One karns much more from personal con^^^^^^^ 

could ever be learned just from visual study of what someone else 
constructed. 

SUGGESTIONS FOR DISPUY DEMONSTRATIONS 

If adequate showcase space, well lighted and 
available, large-scale models can be used for spc ^ 

tract general interest 'themselves well to 

demonstrations and the laboratory exerdses. ^ 

The following list is intended merely to Vw m^s of such 

of chemistry that can be explained or f ° ^ tj,em to poster 

poster displays, using the small-scale models f P“ 

cardboard on which are printed appropriate exp ry 

1) Water and its Ions , 

2) Physical Properties of Wafer, and Structure of Ice 

3) Water as a Solvent 

4) Acids and Bases 

e! “:?Us^omlrism in Inorganic Chemistry 

7) Displacement Reactions 

8) Double Decompositions 

9) Chemical Equations 

10) Ionization to study a poster showing 

For example, students may find it h p following: 

the meaning of complete chemical equaUons. such as the following 

Synthesis of Water: A Complete Chemical Equation 
Here is a model of a molecule of hydrogen (MODEL) 

It contains two atoms; hence its fonnu a —p, v 

Were is a model of a molecule of o^gen. ( 

It contains two atoms; its formula is Os- 
Were is a model of water. (MODEL) 
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4 Predicting Properties of Binary Hydrogen Compounds (or Oxygen 
or Halogen Compounds) from Atomic Models 

By studying the individual atomic models of the elements, your stu- 
dents should be able to make reasonable predictions about their com- 
pounds If you choose one nonmetal, for example, hydrogen or oxygen or 
fluorine or chlorine or sulfur and assign them the problem of deciding the 
physical and chemical nature of its binary compounds with each of the 
other major group elements, they should be able to write a somewhat 
detailed account of the properties without actually knowing these P*'°P’ 
erties as they have been observed This exercise or similar ones should 
give them valuable practice in analytical thinking and help them toward 
a sound understanding of the cause and effect relationships in chemistry 

5 Predicting Properties of the Other Element from Molecular Models 
of Binary Compounds of One Element 

Another valuable student exercise may consist of having them study a 
relatively large number of molecular models of the same element com- 
bined with others For example, a representation of fluorine compounds 
across the periodic table, distributed at random and labelled only as 
fluorides, should serve Knowing the nature of fluonne, the students 
should be able to judge from the qualities sho\vn by the molecular model 
what must be the valence, relative electronegativity, and probable 
identity of the other element m the compound You and they will he 
agreeably surprised to realize how once the general scheme becomes 
familiar, the properties of compounds are predictable from the properties 
of the elements and the properties of the elements, from the properties of 
the compounds 

6 Student Construction of Models 

No student can fail to learn useful information about chemistry by 
building atomic and molecular models himself In fact, personal con- 
struction and possession of such models should add much to a student s 
interest and enjoyment, as well as success, in chemistry Furthermore, 
what they say about many hands* applies to model construction as well 
as to other sometimes tedious jobs, and you could, if you wished, build 
up a good collection of useful models for your own department if you 
could enlist the enthusiastic help of some of your students Once mate 
rials are assembled, paints mixed, and instructions or structural details 
are collected, the work should go rapidly One could not only accumulate 
a collection of models for lecture demonstration or laboratory exercise 
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MODEL CONSTRUCTION 


GENERAL INFORMATION 

Scale - 

Three different scales are 

course, any convenient scale should be s , , , ; r of the 

here are based in part on the commercial availability f 

right size and shape For use m large ^i ^ 

15 inches per Angstrom unit On this scale, i cov i n-a'j magnifi- 
sented, a hydrogen atom is about 1 inch in diame e oxveen are 

cation IS 381 millions By this scale carbon, ni rog ’ about 

about 25 inches in diameter The largest atoms, of cesium, are 

7 inches in diameter vnacp are 

Considerably more expensive and per AngsLm At 

models built on double the above scale, o P even 

least a few such models can be very useful Not only 
easier to see, but one can use electrons a^ collection includes 

more easily visible through a large room y ^ 

most of the atomic models of the major group eleme , 
niolecules and ions , curb as those 

For smaller group instruction and J"'' J^eding chapter, as well 
suggested for student laboratory periods P ^ ^ 

as for displays and teaching exhibits, a sea e o 
per Angstrom, is very satisfactory A '’X ^ S ^ 

fourth inch in diameter, and carbon, ni g , about 1 5 inches 

one half inch in diameter, the largest atoms and ions are 
diameter 

^^alerials 

From the viewpoint of o™''o'’‘'‘'XL“''T™m*^sexMnenf Other pos- 
foamed polystyrene plashc known “ asbestos and paper or cel- 

J'We materials are wood, cork, day, bakelite, , ’ ^ U 5 cd 
Hose in after forms No doubt other materials might also 
97 
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It contains two hydrogen atoms and one oxygen atom, its formula is H2O 
When hydrogen bums in air or oxygen, it combines with the oxygen to 
form water 

By models and formulas this reaction may he represented 

(MODEL H2) + (MODEL 02)-> (MODEL H20) 

Ha + O2 ^ HoO 

However Because there must be two oxygen atoms (O2), t'vo water 
molecules (2 H2O) must result, to keep from losing (or gaming) any 
oxygen atoms by the reaction, which would be impossible 

But if there must be two H2O, four hydrogen atoms or t^vo H2 are 
needed Therefore, the complete reaction must be represented 

(MODEL Ha MODEL Ha) + (MODEL Oa)-^ 

2 Ha + O 2 

(MODEL HaO, MODEL HaO) 

2H2O 

The number of useful posters of this type that might be prepared for 
display conspicuously in your chemistry rooms or in the halls is limited 
only by your patience and willingness to improvise them What may not 
have been clear to your students when presented in one way may sud 
denly be revealed m all its beautiful simplicity in some other way, it is a 
wise teacher who makes available to his students as many alternative 
ways of learning as possible 
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each from the next hy * inch in diameter is very 
such a device, you can use a good set of drills to ® ‘P? 

priate diameters in a wooden board or heavy ® 

sharp set of cork borers may do the job. You may wish to make some 
cardboard guides of similar nature for larger m^odel constructiom 
Incidental, I have noticed that rolling 1-inch diameter ha h to crush 
them to smaLr diameter builds up a very considerable ^"‘’c ebarge 
when done on a plate glass surface. Even on a damp day, <^harge is 
only very slowly lost, much remaining after several hours. Interesting 
dcinstrations of electrostatic fields can be made by *°PP'”g ^ 
charged balls one by one on to the center o a su ace o ^ ‘ . j 

as in\ basin. The balls repel one another and move to more symmetrical 

“Xr“;pheres are easily cut with a knife (better ™th -elated 
or sawlike blade), as is necessary when closer than tangential contact 

between twq spheres is desired. c„„„a an elec- 

Dr. Richard Campbell of the University o owa 
trically heated wire to be excellent for making 

nichrome wire, adequately supported and connec e jequired; the 

through a variable resistance such as a Variac, is pitpctive melting 

temperature should be kept at the minimum needed for effective melting 

° uVS disadvantage of styrofoam, though « ^i^Lt 

disadvantage, is its mechanical appreciable weight- 

dents too easily. A sphere large enough FF dropped 

2 inches in diaLter or larger-is likely to acquire a fl. t ama >fJ™PP 

on the floor, and can be dented by p.™^],e]ps strengthen the 

Compacting by rolling to decrease stand ordinarily 

surface, and even xvithout compacting P tj^an, 

oareful handling indefinitely long. Th®’’® styrofoam in 

roughly. Repairs can be made by gluing an P filling svith 

the dent and smoothing with pressure or „Llf strain 

oshestos cement. Large models are heavy eno g model is 

un the individual joints and they may break at unified. It 

roughly treated, but again rough spherL. in the range 

been suggested that the "'f ^ , ., Jesired by carefully sawing 

® >0 12 inches in diameter, can be . , one^might hollow out 

u sphere in half, carving out most of the rn ‘ hack together again. 
= pumpkin, and gluing%he tavo hollowed back^togeth 

Various suppliers of styrofoam spheres in u styrofo.am has 

^0 10-1. lEese are by no means .l^^^Hons^^and many 

"roome a avidely used material for Christmas 
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Styrofoam may be purchased in die form of spheres over a range in 
diameters from ^ or ] to 10 inches or more Intermediate sizes can usu- 
ally be made by grinding down larger spheres with sandpaper or a power 
sander, or a power-driven wire brush The latter is especially effective 
in reducing the size of large spheres, such as from 10 to Sf inches m 
diameter Considerable skill is needed to preserve sphericity during such 
grinding operations Fortunately, a simpler method is available by ashich 
diameters may be reduced by up to \ inch, easily by \ inch, while main- 
taining a satisfactory degree of sphericity The ball is rolled in all direc- 
tions between two smooth, level surf ices, its foamy structure being com- 
pressed toward the center by cirefully controlled pressure on the rolling 
surface If you use a small piece of plate glass for rolling the sphere on 
a table top, you can see what is happening to the sphere before it be- 
comes uncontrollably misshapen This rolling process not only decreases 
the diameter but also compacts and hardens the surface, making it easier 
to paint and more resistant toward denting and wear in general 
One can place the ball on a smooth table top, and holding a short, 
smooth board or even a hard covered book, with both hands so that it 
rests on the ball, cause the ball to roll m all directions by careful ma- 
nipulation of the board Frequent inspection of the results is necessary 
to be sure that deviations from sphencity are caught m time for correc 
tion and tint the correct diameter is reached If you have cut do^vn a 
larger sphere to a smaller one of approximate sphericity, you can accom- 
plish a surprising amount of smoothing of what may initially have been 
an extremely rough surface 

For making the smaller scale models, J inch, 1 inch, and l-J inches 
diameters Ell most requirements One can roll a 1-inch diameter ball, for 
example, down nearly to 4 inch diameter, which is approximately the 
lower limit For hydrogen atoms on this scale, one must start with spheres 
not over -i-mch diameter (better, smaller), which can be made by sand 
papering ^ inch diameter balls Alternatively, they can be made by cutting 
small cubes of styrofoam, carefully slicing off the corners, and then com 
pressing the foam between thumb and finger to approximate sphericity 
before rolling to obtain the final smoothing In fact, you may find it easier 
to perform the initial compacting of all these smaller spheres between 
thumb and forefinger, or between the palms, before carrying out the final 
rolling on a table 

For a guide to size, when making the small scale models by rolling 
down larger styrofoam spheres, you will find a circle template invaluable 
Such a device is simply a piece of plastic with holes of a large variety 
of diameters cut m it so it may be used for stencilling It can be pur- 
chased m stationery or drafting supply stores A series of holes differing 
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artist to know that red and yellow mix to give orange, and yellow and 
blue give green However, I reeommend purchasing orange and green 
because our experience was that pleasing oranges an greens ^ 
result from the primary red, yellow, and blue we were able to obtain 
Be sure that these purchased colors all look bright and clean You wil 
then be able to mix very satisfactory intermediate hues, using red and 
orange for red-oranges, orange and yellow for yellow-oranges, ye ow an 
green for yellow-greens, and green and blue for blue greens 
We have found not only that different brands of tempera differ m hue 
of the same color name, but also that a color of t e same ran is n 
always constant from container to container Therefore t e in orma i 
of Table 10-3 is given only as an approximate guide Your proWe'n is 
prepare five difftent red-oranges that are clearly distinguishable from 
ted, from orange, and from one another Similarly, y”” 
different yellow-oranges, five different yellow-greens, im ve i 
blue greens With yom five basic colors you will have 25 hues You wd' 
want these to be as evenly spaced as possible, but this noil 1'=>PP'=" 
matically if you make each as distinct from its neighbors as possible 
sure to measure and record the relative volumes o P’S™®” ® ’ , 

mixture so that you can reproduce the hue "'1’®'? closed 

Dry tempera can be mixed very easily merely by s a '”8 Vgj 

wntamer About 2-4 ounces of each hue will suffice for a g 
of models unless the scale is very large An initial P'"-®>’®f 
each of black, red, and blue, and 2 pounds each 8”®®"- y® ’ 
orange should keep you supplied for some time, an a , 

of writing, under one dollar per pound for the P‘8™®" 

Color-Blindness If you have difficulty distinguis ing likely 

"ed about the fact tLt a small percentage of your "® ^ 

‘0 be so handicapped, you may wish a different color -o'® 
grays are said to offer less difficulty than any other ®®'" ^ 

decide to adopt a black-white-blue scheme For ®’®®‘^ ® ^ p ’liter 

‘onge from Jry low to very high would be from 1?^“® 
blues, white, and increasingly darker grays to o® , through neu- 
would represent partial charge from high positive (blue) thro g 

*ral (white) to high negative (black) , soften 

Vehtcle Most commercial paints contain solven models was 

polystyrene and often dissolve it Initially, pain difficulty that 

"”>de by mixing tempera with water T'"%f ®'®'’‘®f eho d dish- 

does not wet p^tyrene well A small mther than 

*«hing detergent solved this problem, with^crevices sbll 

pping was essential because of tixe roug \,„cf /’duel in the 

readily wetted Increasing the concentration of sizi g (g 



100 TEACfflNG CHEMISTRY WITH MODELS 

small local manufacturers of such decorations can supply the spheres 
In the holiday season you will find a few sizes on sale at local depart- 
ment stores and other places, you will possibly not wish to pay the retail 
prices if you need very many of the spheres, but you can probably per- 
suade the store manager to tell you the name of his supplier, who will 
usually sell by the dozen or the gross at much lower rates You can also 
cut your own crudely from chunks of styrofoam plank, such as used by 
florists or in packing, and these can be rolled quite smooth with a little 
practice 

Various other materials can be used for inexpensive spheres Some can 
be purchased already m ball form, including certain sizes of wood, cork, 
and bakehte or other plastic such as lucite Others can easily be made 
into spheres Art supply stores often have special powdered modelling 
clay that can be mixed with water, molded or shaped, and then baked 
to a fair strength and water resistance Such clay can be used for small 
scale models, the shaping being done by rolling a httle of the moistened 
clay between the palms Ordinary asbestos cement (powdered asbestos), 
obtainable from paint or hardware stores or plumbing supply houses, can 
similarly be mixed with water and rolled easily into small spheres When 
these have dried in the air, they can then be soaked m sodium silicate 
solution (commercial "water glass,’ diluted with one or two volumes of 
water) for several hours Your druggist will probably be able to supply 
you (If you mix the asbestos with sodium silicate solution m the first 
place, instead of with water, you will find it difficult to roll smooth balls 
from it ) When allowed to dry in the air, spheres so treated have much 
greater strength than the plain asbestos and are satisfactory for model 
building 

Mr Harry F Stubbs, of Milton Academy, has made some excellent 
small scale crystal models using macerated newspaper or alpha-cellulose, 
and rolling spheres from the wet pulp by hand These he shellacs and 
then pamts and assembles 

A disadvantage of materials such as clay, asbestos, and plastic (of the 
unfoamed variety) lies in the difficulty of making permanent connec- 
tions at the correct bond angles, and with the spheres cut for the proper 
bond lengths As ^vlll be discussed below, styrofoam spheres are easily 
fastened together 

Fainting 

Pigment A cheap and satisfactory pigment for producing the desired 
colors IS dry tempera Recommended for the color scales described m 
Chapters 1 and 2 are the foUowmg black, red, orange, yellow, green, 
and blue White may also prove useful You need not be much of an 
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A glued spot holding two styrofoam spheres together can easily break 
out .1 ehiink of foam from one of the spheres For large ^ 

larger the connector the better, for the more area the firmer the glued 
contact. My personal preference is for diamond-shaped wooden eon- 
nectors about inch thich, ^ inch at the greatest wi i, an 
inches long depending on diameters of spheres to be f 

can be cut from strips of hardwood by making a series of parallel angula 

'“when two spheres are pushed together from opposite ends 
nector, it may not penetrate the two spheres eve^y, u , enc 
a tougher region in one sphere, may penetrate the other almost exclu- 
sive^ This IS the chief reason for the diamond 

penetration increases with depth, and an even placement of the eonnecto 
" „d 

finger a connector such as described above an ru procedure 

readily without making a preliminary slot or ho e si p p 

IS to place a generous drop of glue on the sphere a 

and tLst the connector straight through ‘ fspread 

the sphere until it reaches the widest part of the 

the glue generously over the protruding surface 

thrust the connector into the second atom rnnnectors 

For the small scale models pipe cleaners wor very cutter At 

Cut the pipe cleaner into appropriate lengths, using a " 

the pcint\o be connected, thrust a sharp pencil P™"' f ° "/J^r 
about J inch Place a drop of glue over the hole »dthm^J^he»^^^^^^^ 
to the desired depth Repeat, prepanng cnticfactorv con- 

ticn.and then push the atoms together until they mak V 

tact and the pipe cleaner section is completely ooncealed ^ h^^ 
partly hut not entirely dry, the bond angles can be given final ad, 
^ent if necessary 

Electrons and Vacancies j 

choice of materials to be used to ,f.rml“cii 

yacancies of the outer shell, both in the atomic mo u,odels For the 

at models where desired, depends on 'h® e atomic 

'a'ge scale, l-inch diameter styrofoam 'Ph^^ ““,'e“ory For the 
'“'ace like other atoms by glue and “nnec " about 

cdium scale, the electron and vacancy ba - „„ are very inexpen- 

^*05 inch in diameter Plastic balls of this size g ^ ^ , ,bey 

7 (e g , bakehte or Incite) If not P“vohased i" neede 
“ay he painted and glued to the atoms in the desired loca 
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tempera might have helped improve the adherence of the paint, but ^ 
It was, the paint served satisfactorily but not really well It tended to 
rub off slightly, and easily came off under abrasive conditions However, 
when the models were separately wrapped in tissue and packed together 
in a trunk, they endured the handling of the nation’s railways for thou- 
sands of miles without damage either to paint or model 

The Reverend Maurice Blackburn, of Edmonton, Alberta, reported that 
shellac made a good protective coaling, which was superior to the plastic 
spray I had been using very lightly and recommending (with caution, 
because the spray is an excellent solvent for polystyrene) This suggeste 
that white shellac might be a satisfactory medium instead of water m 
the first place Indeed it is It wets better, dries faster, gives brighter 
colors and a surface more resistant to abrasion The tempera cuts the 
natural gloss of the shellac, giving a clean, velvety appearance that is 
very appealing The durability of the color cannot yet be vouched for, 
but at least no change is noticeable after several months 
Where dipping is convenient it appears to be as satisfactory as brush 
ing especially when shellac is the medium, or vehicle This is notably 
true when the spheres have been rolled and thus have a smoother sur 
face It IS a very effective and rapid method especially for the small scale 
models You merely drop the ball into a jar of paint and when you have 
fished It out It is painted This is a real timesaver in eliminating the 
need of cleaning brushes The freshly painted sphere can be placed to 
dry on a piece of newspaper avoiding the headlines which tend to come 
off on the model slightly If the sphere is then rolled to a fresh position 
after it has dried for about 10 to 15 minutes, it will not become seriously 
stuck to the paper m complehng the drying which will take from 15 
minutes to an hour longer 


Connectors and Glue 

Any glue that does not dissolve styrofoam should be all right The 
preparations of brand names “Duratile and Elmer s Glueall are among 
those that are satisfactory Clue alone can serve to connect styrofoam 
spheres, and in some more complex models where it is nearly impossible 
to put connectors m place, glue is the only means of holding the model to 
gether Where possible however, connectors are strongly recommended, 
to be used with the glue These have both temporary and permanent 
value Temporarily, until the glue can harden they can serve to hold 
atoms together at the correct locations and angles — especially when 
single bond covalence is indicated by tangential contact of the spheres 
The permanent value of connectors is derived from the strength they 
supply The glue may be unbreakably strong but the styrofoam is not 
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making a bond angle of 109'’28' (toothpicks semng well markers) 
you may find the other two comers of the terathedron in ei e 
Uwmg ways You can select visually a point that makes an equiHtera 
triangle with the first two. on one side of them and then ^e’^c another 
^omt that makes an equilateral tnangle with the first Rvo, the other 
side of them Alternatively, you can locate a point midway betvveen 
first two points and then another point exactlv opposite this 
other side of the sphere Then locate Rvo points equidistant from tte 
last point, at the same distance as the first two points are ^ ™ 

the point midway between them These two new pom s orm . ‘ 

line that is perpendicular to the line formed by the original two point 
With a little pTactice you can thus assemble molecular 
ally. and the Lai test will be the symmetry of the "L m bTd 

Even after the glue has dried, you can make rmnor a 
angles hy pressing the two “atoms” firmly toget er an app ^ g 
exL prLLe m the direction needed New glue can then be added 

around this joint to tighten it again 
Construction Patterns 

For all models which include multiple bonding p'e 

than tangential approach of '^L^d is paper, compass, 

pare a simple two dimensional pattern All y P oortion of 

ttiler. andLotractor First make a skeleton of he 
the model, consisting of straight lines forming e 
Tile nucleus of one atom will be at the intersec jjsmnce to 

lines Measure, to the correct scale, the exac m .cleiis Then, 

the next atom and mark a point there to " fo, the 

^sing these nuclei as centers, draw a circ . rirrles overlap, as 

atom in the compound, around each Where es which to 

«.ey will If „n.„fp,e bondmg is mvolvei^^.l- co^ ^ 
cut off each Sphere IS indicated Simply ho i nff the segment as 

<l.rectly over'the circle that -presents it and ™;^^%‘X;attaching 
ndicated Be careful to make yo" ™ surfaces by pressing 

he spheres together, you can f"””* ° ‘ .ubme them over one another 
the two surfaces gently together and scru g multiple 

S«th construction patterns are not only .'pbercs at the 

bonds, but they are also useful as guides m fastening 1 
^rrect bond angles 


huiMing Models lal 

Complete details for building many ^ You certainly need 

'"'Xleu are given in the final section of this chapter You - rt 
be hmitL to the models listed therein, for you can cosily 
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or plastic beads can similarly be painted and fastened to the atomic 
sphere by a combination of glue and nail From the Vle^vpolnt of strength 
this IS better as small balls merely glued are easily broken loose from 
the styrofoam simply by a teanng of the styrofoam For the small-scale 
models, white and black glass headed pins, which are cut the right length 
with wire cutters, are ideal If these cannot be obtained, one can pur- 
chase in a hobby shop, black and white beads about ^ to i inch m 
diameter, such as are used in beadcraft” — making beaded belts and other 
designs on leather goods These are very inexpensive Short common pins, 
about ^ inch long, and glue are suitable for fastening these beads to 
the atoms For either the glass headed pm or the bead-and-pin, one first 
places a small spot of glue on the atomic surface, then thrusts the pm 
into the atom at that point When common pins and beads are used, the 
pinheads can easily be touched up later with white or black paint 
tempera plus shellac 


Locating Bond Positions 

You may wish to improvise some type of )ig for locating the positions 
on the atomic spheres for attaching other atoms at the proper bond 
angles For suggestions see references 13 and 19 m the bibliography, 
page 129 However, a good eye for symmetry and a few simpler aids 
can make such a ]ig unnecessary, especially with styrofoam which lends 
itself well to minor corrections The most common angles to locate are 
those of a regular tetrahedron, 109®28' If you have a number of spheres 
of the same size you may wish to prepare a simple guide for locating these 
positions Such a guide is b ised on the fact that the diameter of a circle 
which would circumscribe any three corners of a tetrahedron is 0 93 
times the diameter of the sphere which exactly encloses the entire tetra- 
hedron Draw on a piece of stiff cardboard or plastic sheet a circle 0 93 
times the dnmeter of the spheres you intend to use as tetrahedral atoms 
Inscribe an equilateral triangle in this circle and mark the points where 
its corners touch the circle Cut out the circle, leaving a hole with the 
three points marked on its edge Now, if you hold a sphere firmly in this 
hole, with a sharp pencil you can make on it the three points These 
are three of the four corners of the inscribed tetrahedron The fourth 
comer cm be located vismlly as equidistant from the other three 

Ordinarily, a simple drawing on piper, consisting of a series of con- 
centric circles of the approximate sizes of the atomic spheres you will 
use, with straight lines from its center indicating a variety of common 
angles, such as 90°, 100°, 109°28', 120°, etc , can serve as a guide for 
most purposes Simply hold the sphere over such a drawing so that it is 
properly centered to fit the appropriate circle, and mark the positions 
on its surface When, for example, you have thus marked two positions 
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spheres if necessary to exact dimensions, as described on page 98 Also 
obtain the necessary number and size of connectors. Paint the spheres 

and let dry. ^ ^ 

6) Draw full-scale patterns to guide your cutting segments from the 
spheres if necessary to make the bond length correct. Remem er t ^ 
one knows for certain how far one atom extends, an w ere t e o ei 
begins, along the line of a bond. What is known definite y, an o en wi^ 
much greater accuracy than wilt be significant in your mo e s, is e is 
tance between the two nuclei. If this distance is correct an^ e on 
angles are correct in your model, the model shows a t at is e ni e y 
known from experiment, whatever may be the relative sizes o e com 

ponent atoms. , , , . , „i 4 .„ 

In most molecules you will find the reported bond engt o ® 
or less than the sum of the calculated single covalent bond radii. How- 
ever, occasionally, and especially in ionic ciysta s, you wi _ 
inlernuclear distance to be greater than this. This means tha e m 
nal spheres chosen as the atoms will not come in con ac • 
ways out of this dilemma are possible. (1) Increase the 
more negative atom by the necessary amount to P®™' ° -.oativelv 
correct intemuclear distance. The justification for this is , . ® . 

charged atom is much more easily deformed (polarize ) 
lively charged atom, and in the crystal the „ influ- 

pletely surrounded by positive ions which exert a hig y P g 

cnee and might logically be thought of as 

hon sphere of the%egative atom. (2) If justified by the W® "t 
pound, use ionic instead of calculated covalent radii. is * , 

''cntional, although not necessarily the most n®™” ®' , . j... '„dii— 

ionic radii are iLd in Table 10-4. These are “GoWschm.dt rad.i^^ 
empirical radii assigned from observations of many crys a * nearly 

Snch radii have the merit that their sums do usually g-v® ®®nre®i or nem y 
correct intemuclear distances in many "^Prctmbination! 

*C atomic spheres in sizes calculated for TOva en ™ 
nt use extended connectors so that the spheres are ,i,„n,selves are 
correct intemuclear distance, even though the spheres themselves 

contact in the model. 

P Cut each sphere as necessary for connecting 

Using glue and connectors, assemble the mo ® ; .yajHnc for the 

«;c, you 'm!y wish to assemble only part at a „.is 

E 0 to harden before proceeding to the next p ' . discustinff habit of 

“ small irregularfties in size and ang e >'0;® “ f be 

“'•'plying instead of cancelling one another n ’ j „bv.iys 

”"c ot the chief laws of model construction: Errors never 
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all you need to Lnow for the construchon of many others, especially with 
the help of the tables provided 
The following procedure is typical 

1) From the chemical formula and the electronegativities of the com- 
ponent elements, calailate the electronegativity of the combination, as 
described on page 27 and with the help of the data of Table 10 2, page 
136 

2) From the electronegativity of the combination, calculate the cova- 
lent radius of each atom in combination, as described on page 30 an 
with the help of the data of Table 2 2, page 132 This task should be 
greatly aided by the data of Table 10 2, from which all you need to do 
IS interpolate if the radii you want are not already in the table From 
these radii, and the appropriate factor for whatever scale you have cho- 
sen you can determine what diameters are needed for each atomic 
sphere 

3) From the electronegativity of the combination, calculate the partial 
charge on each combined atom, as described on page 28 and with the 
help of the data of Table 2 1, page 131 This work, too, is greatly sim 
phfied by Table 10 2 which allows easy interpolation Using Table 10 3, 
select the appropriate colors to paint the spheres 

4) Look up the structural data from some compilation of experimen- 
tally determined structures You will find the book, Interatomtc Dtstances, 
edited by L E Sutton and published by The Chemical Society, London, 
1958, very useful Structural Inorgantc Chemtstrij, Second Ed , A F Wells, 
Oxford University Press, 1951, is an excellent reference Structural data 
for many organic compounds have been summanzed in an appendix of 
Resonance m Organic Chemistry, by G W Wheland, John Wiley and 
Sons, New York, 1953 If you have access to recent books on microwave 
spectroscopy, you may find needed structural information in one of these 

In such a source you should find bond lengths and bond angles Cer 
tain of the bond lengths or angles may not be given, or, you may not find 
any information about the compound of which you would like to build 
a model You may not even have access to any of the sources named 
above This need not discourage your making a molecular model if you 
are reasonably sure from your general chemical knowledge which atoms 
are attached to which You can then reason that the single bond lengths 
are not likely to differ substantially from the sum of the calculated radii 
unless as suggested in Table 2-3 This table also suggests factors for 
determining the multiple bond lengths from the single bond lengths, 
which are the sums of the calculated atomic radii You can predict the 
bond angles from the pnnciples descnbed on page 6 

5) Obtain the desired number and size of spheres, reducing larger 
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Hydrogen. (See Fig B-1). Fasten two atoms together in tangential 

contact n 

Helium Just one atom suffices Such a model may seem superfluous 
but actually it serves to emphasize the extremely important ^ 
atoms do not form bonds, even with one another ( see Fig ) • 

Boron In at least one crystalline form of the element, as well as in cer- 
tain bondes, boron atoms occur in icosahedral (20-face ) c us ers o - 
atoms each One of these clusters can be represented by fastening 1- 
spheres together as follows (see Fig B-6) First, make a triang e, eac 
sphere joined to the other two Then make three more sue triang es, an 
group the four triangles together m as spherical a form as possi e, an 
attach them , , „ „„ o-i 

Carbon Diamond. The model shown in Fig B-2 (also • ) ^ 

atoms Assemble in tangential contact so that each interior car on is co 
nected to four other carbons at the comers of a regu ar te a e ron 
rounding it When you have one layer of such interconnected tetrahedra 
testing on the table lop. you may observe that two allernalives «te poss^ e 
tot building the next layer One would result in ^ 

(F.g B-ll), the other in the diamond or spha erite «nde) 

ture (Fig B-10) Be sure you proceed correctly for the diamon 
hire, as the other form is not known in carbon , 

Graph, te The model shown m F.g B-2 contains 45 Jh® ““fi 
'eogth in graphite is 1 42A The bond angles in the ^ 

120” n.e mter-layer distance is 33SA Draw, as a P-''«^: “ ““ 
Size selected for a carbon atom, and at the correct in ere ^ 

'opresent 1 42A. draw a second circle These circles wi m ' 

‘"Scaling where the spheres must bf 1^™';; 7“ (bond angles 


uicating where the spheres must oe cui /v,nnd angles 

'>™.ng an equilateral triangle around the central ^ 

20”), and thipattern is complete Hold each atomic 
'«rn and cut off the three segments This will test you g 

your patience a little later when you begin to ^XThyer 

b«ag„nal nngs Be sure the condensed rings are Xs’^^f 

the layers may he held at the proper Sek 

"ood. which will be made relatively inconspicuous later by p. g 

so that a carbon oI one Jay« 

7' each hole m the other layer You will observe tsvo -a!m»s m 
P’acement ct a third layer These lead to two different modifi^t.ons 

In the pictured model layer one exactly corresponds to layer 

The bond length is 1 lOA- Draw the pattern .o^s<..e and cut 




^flro, 


The bond length IS llOA. Draw tncpaucw 

spbercs where needed, and join them together. (!■ g I 
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add or multiply You will probably discover the inexorable validity of this 
Lw L Erst’tiL you tiy^to assemble an intricate crystal model or even 
a benzene ring If you can discover, while all joints are still 
certain atoms fail to meet where they should, or the " 

the spaces that ought to he identical ate aetually quite diSerent, you Mn 
sometimes make corrections more easily On the other ban , 
rections cannot readily be made until a certain amount of rigidity is 
present or you will introduce new and worse errors while correcting 

IE major reorientation becomes necessary, you need not abandon the 
model, for holes left by changing the position of joints can easily be 
plugged For example, you can cut a scrap of styrofoam itself approxi 
mately to fit the hole, wet it with glue, shove it m place by brute orce, 
and after smoothing the exterior, repaint the surface Should this 
in paint smears on adjacent atoms, simply use a knife to scrape mem o 
when dry and repaint No one will ever guess that your original effort was 
so miserable 


SPECIFIC INSTRUCTIONS 


Atomic Models 

Necessary data for construction of atomic models are listed in TaWe 
10 5 The procedure is straightforward Obtain or cut spheres to the 
correct size, paint the appropriate color, let dry, and fasten the electrons 
and vacancies at the correct positions on the surface 

Molecular Models General 

The construction of these is described under the categories “elements, 
“binary compounds,” ternary compounds,’ and ‘four elements or more 
For reference the compounds are numbered consecutively 

Models of the Elements 

For most of the metallic elements, the usual states of aggregation can 
be represented by one or two of only three principal crystalline forms 
Construction of these forms, (1) body centered cubic, (2) face centere 
cubic, and (3) hexagonal, is described on page 128 For photos see Figs 
B-4, B-5, and B 7 

Models of the nonmetals may be constructed as described below, using 
the relative radius data given m Table 10 5, page 147 In keeping with 
the color charge scheme used for models of compounds, all the com 
ponent spheres should be painted yellow before assembling 
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E. These compounds are either giant molecules held together in all 
directions by covalent bonds, or ionic crystals haWng 
molecules. For these, crystal models would be useful, but an 
model will at least show the calculated radii and the c arges ori e vo 
Mnds of atoms. The painted spheres, one of each kind o e 
attached directly but at opposite ends of a connecting ro w ic o 
them a clearly visible distance apart. The purpose of such a ™ 

he carefully explained as limited to representing ( 1 ) t e con i P” ° 
component atoms, and (2) if outer electrons and vacancies are incited’ 
as they should be, the number of each and thus the ten ency o crm 
F. These are compounds for which special instructions on rno ^ 
struction would be helpful. Such instructions are given under th pp 
priate reference number on page 124. Usually these mo e s require 
mg a simple full-scale diagram to be used as a pattern. 

Binary Compounds, Specific Instructions 

4) H=0=, Attach one H to eaoh O. Connect the O’® 
each OOH angle is about 100°, and, when viewed along the O 

the two OH bonds make an angle of about 90 . that 

23) CO. Make a pattern, shoiving where to cut the two 
‘>>ebond length coi^esponds to 1.13A. The two atoms ^ 

equal radius because apparently the arrangement o e M ^ ^ 

triple bond counteracts the expected polanty effec . i ^ 

yellow is suggested as the color; the calculated co ors wou 
and 5N for O. Connect the tivo spheres through the cut 

24) CO. (Figs. C-7, C-14; also C-4.) This molecule 

^nd length 1.15A and carbon in the middle. Draw “ P" P ^ j. 

^4 cut segments from the carbon and oxygen spheres to g P 

length. Assemble. . , , 1 3lA and 

25) CO3-. (Fig. C-6.) This ion is planar, xvith bond | assemble, 
ungles. A patlm is needed. Cut the atoms as requued and assem 

® lacking the three oxygens to the central car on. ^ Draw a 

„ 2) N3O. Linear. NNO, svith N-N 1.13A length, 

and'™ segments of spheres to give the p P 

^3) NO. Bond length 1.15A. Draw a pattern and cut spheres for the 

tfit ONONoTtlucture. which is 
Bond lengths are 1.13A for the termma^ o^g 0^,0 

for the middle oxygen to nitrogen. NON ang 
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Oxygen Same as mtrogen, except that the bond « 1 

Halogens Connect two atoms in tangential contact (Fig B ) 

Silicon Like diamond , , 

Phosphorus. P, (Fig B3) Connect three atoms in tangenhal cmm 

to form a triangle, and place the fourth atom on the 

so It IS connected to each of the other three Alternatively, make two 
pairs of atoms and then join them together into the , 

Sulfur, S, (Fig B-3) Bond angles are 105” Attach in tangential con 
tact two sulfur atoms to one, making an angle of 105 Prepare ano 
group of three lust like the first Hold the two trios so that their termiM 
atoms form a planar square, and attach them together by two more a o 
SO that the two new atoms form another planar square with the cen 
atoms of the Erst two tnos This square will be parallel to the 
and oriented \vith its comers nears the middle of each side of I e rs 
square 


Binary Comnounds 

As far as practical, most of the data for construction are tabulat^ The 
tables, in order, are, 10-6 Binary Oxygen Compounds 10 8 Binar^^v ro 
pen Compounds 10 9 Binarv Fluorine Compounds, 10 10 Bmarv Ch nnne 
Compounds, 10 11 Binary Bromine Compounds, 10 12 Binarv To me 
Compounds and 10 13 Binary Sulfur Compounds Within these tables e 
order is that of major groups of the periodic table, then subgroups t en 
anv miscellaneous related compounds For each compound, the following 
information is given reference number, formula, electronegativity, 
of the two atoms in A, the diameter in inches for each atom on each o t e 
three suggested scales, 100 times the partial charge, the colors the tvpe, 
and where needed, the bond angle The tvpe is indicated bv letter, or 
which the following instructions apply 

A These are compounds containing only one single bond per gas 
molecule The spheres should be attached m only slightly more than tan 
gentnl contact . 

B These are molecules whose two single bonds are linear Tangentia 
contact IS made at opposite sides of the central sphere 

C These molecules are planar tmngles with the same tangential con 
tact for each bond and 120° angles between the bonds 

D These are molecules in which the central atom is surrounded 
hedrally by four pairs of electrons — ^which may or may not be invo ve 
in the bonds When the bond angle is known to deviate significantly from 
the 109°28' tetrahedral angle it is listed in the last column This only oc 
curs when at least one of the four electron pairs is not used in the bon 
ing The individual bonds are formed just as in types A, B, and C 
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0(bridee)SeO(nonbridge) angle is 98°. Some of the nonbndging 
oxygens are bidden from view in the photo. The selenium atoms of a 
chain are all in the same plane, and in a plane parallel to this are all the 

nonbridging oxygen atoms. ic. . 

53) SOj”. (Fie. C-6.) In this ion, the oxygens surround the sulfur in a 
regular tetrahedral manner, vvith bond lengths of 1.44A. which requues 
drawing a pattern and cutting the spheres accordingly. 

55) CIO2. This is a bent molecule, with angle 116 and bond lengt 
149A. Draw a pattern and cut the atoms, and connect, chlonne in the 
center 

56) CI2O,. (Fig. C-7.) Structure not known. Suggest (0103)20. as 

shown in photo. Cut off three segments from each chlorine, at “ 

a tetrahedron, and one from each of six oxygens to prepare or mu p 
bond connections. Connect three oxygens to each chlorine fiat to ha are^ 
Then attach the seventh oxygen to the fourth tetrahedral comer of each 
chlorine, maldne the bond angle about 110 . , , , j j i.„ 

57) CIO,-. (Fig. C-6.) Four oxygen atoms double-bonded to 
chlorine at the comers of a regular tetrahedron. Cut off the 

quired and assemble. , r,™™ at an 

74) BjH,. (Fig. C-9.) First attach two hydrogens to each tocon ®t an 

angle of 120°. Then join the two BHa groups by hydrogens 
TIse two hydrogens about 20 per cent larger than the g 

for the homn-boron distance to be correct. PDce the groups B 

to B so the hydrogens are as far apart as possible, “"d th gr P ’ P ^ , 

‘0 the table top. are all in the same plane. Have *0 toron^sepamted^by 
efficient space that the B-B length comsponds to l^^n . ^ h 
bridging hydrogen on top between the two borons, an borons is 

Posite it, so that the pi ane of the bridging hydrogens and the borons is 

perpendicular to the plane of the original two BHa g™"P®- , . j 

75) B.H.„. (Fig.&10.) Attach tivo borons barely in tajnhalconfacb 

f ‘fh a third hLn to each of these two '’T p’a"" 

yifrogeiis, the three borons and tivo Bydrug®"^ “^8 ^ attach 

c third boron should be 1.85A from each o _ triancle like 

“ curth boron similarly to form a second hydrogen- g 

first. With the first tivo borons forming a I ea* 

^^"•een the two triangles is 118°. Finally, attach tr™ f^d ^ “ 

P'rnl boron and one to each base boron, making , , , on each 

^"•eal as possible. This means that the rtvo f®™;""' ^^XXon with 
til "i" ”’"'® ®'°®® u® possible to forming ® ^ j, of the cen- 

c t«o bridging hydrogens, and the single hydrogen possible. 

»«ron pair b as far from all the other bonds to 

BiH.. (Fig. C-10.) Attach hvo borons tangentially. Then 
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angle IS 120" Assume a planar structure and construct a pattern for 

“KfN*o?SiTt:fo^gcnTam attached to the nitrogen at an angle of 
13^lnd a dSanTe ol U9A Draw a pattern, cut off segments, and at- 

N.O5 (Fig C 7 ) Assemble a NO, group “rtrf 

(number 391) Assemble an NOa group similar to P 

the O2NOH, and then attach its mtrogen th^wo 

of the first group so that the NON angle is about lOS , and with the 
NO, groups at right angles to one another an 

37) ^ NO3- (Fig C 6 ) Draw a pattern with three oxygens form g 

equilateral tnangle around nitrogen, with 120° bond ang es an 
lengths about 1 24A Cut spheres and attach , , rlpnved 

38) P4O, (Fig C 7 ) This molecule can be considered to be 

from a tetrahedron of phosphorus atoms, only instead o t eir ei 
direct contact, they are held together by oxygen bndges ° , 

phosphorus attach three oxygens making 99® angles f , no? 

phorus atom to each of these oxygens so that the POP ang e is 
this P atom is directed toward the midpoint between the oxher / 

gens Finally, attach the remaimng three oxygens as bridges o ® 11 

three phosphorus atoms All six oxygen bndges should be symme 
directed awatj from the edge of the P4 tetrahedron 

39) P4O.0 (Fig C.7 ) Assemble a P^Oe group like No 38 Then cut a 
segment off each P atom at opposite side from the tetrahedron an 

each of the four new oxygens so that they can be connected one 
to each phosphorus, at the comers of the tetrahedron and at bon eng 

of 1 SgA u t to 

40) PO^- (Fig C 6 ) The oxygens and phosphorus must be cut 

permit attachment of four oxygens to phosphorus at comers of a regu 
tetrahedron with bond lengths of 154 A r»A O 

41) As40e This molecule resembles No 38 The bond angles are s 

100° and AsOAs 128° 

43) Sb^Og Like 38 and 41 . 

47) SOn (Fig C 7 ) Cut off segments of sulfur and two oxygens 

represent bond lengths of 1 43A, with OSO bond angle of 120 , an con 
nect > 

48) SO3 (Fig C-7 ) Like SO2, 47, except complete the 

oxygen atoms in a plane surrounding the sulfur Same bond lengt an 
angles 

49) SeOa (Fig C 13 ) In this compound are continuous O 
chains with another oxygen }omed to each selemum at a 
shorter distance SeOSe angles are 125° and OSeO angles 90 
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two trios toirellicr, forming llie planar ring of si\ Finally, attach one 
Iivdrogen to Mcli carbon in the same plane as the ring esenly spaced so 

the HCC angles are 120° v i 

S6h) C H, (Fig C-14 ) Cut two carbon atoms so their bond leng 
mil be 1 34A Connect them Attach two hydrogens to each carbon so a 
atoms are in the same plane anti all bond angles are 120 
S7) See benzene, S6a „ ^ 

8S)CH„ (Fig C-14) n Heptane Attach all seven carbons i 

‘striight” (zigruig) chain, with 109° bond angles °"'P ® 
temiming tetrahedral positions with hydrogen atoms 7nalp«:^ 

metlnlbutane Attach four carbons in a straight ^ ,1* nnp to 

Prepare three CH. groups and attach two to carbon (2) one o 
Cirbon (3) Completely fill the remaining tetrahedral posi 
hydrogens /-« ^ 

89) C,H., (Fig C-14 ) “Isooctane,” 2,2.4 trimethylpentane Connec 

fi'e carbons in “straight” chain Prepare three methyl 
fi\o of them to carbon (2) and one to carbon ( ) 
tetnhedral positions \nth hydrogens -.tmiren at an 

98) N,h: (Fig C-13 ) Attad, two hydrogens '» 

=”g'e of 109° Attach the nitrogens together making t e 
NH bonds but the molecule is not syTometrical The e . 

“nhioivn, hut probably resembles that of H-O- (4) 

190) P.Hi ProbabU like hydrazine, 98 connect 

129) B.F. Attach two fiiioLes to each boron at ^hen ~nnec 

fte hvo boron atoms so the two BFe planes are mutually perpendicular 
186) C,Fo Like C.Hr (86) 

189) Si Fo Similar 

we) N F^ Probably resembles hydrazine (9») „„p„l.„e form 

1 ^“*8) PF Attach three fluonnes to phosphorus m le^ Directly 

S an equilateral triangle avith the phosp roru - On the op 

“ 80 'e this plane attach a fourth fluonne formed a 

side of the phosphorus, attach the fifth fluorine Thus lorme 

iSl I'l^e PP' to thSur .TtangOThal 

SFg (Fig C-11 ) Attach four fluonnes to t ^ 

fiftkT’ ^°™mg a planar square with sulfur at le sqime, and a 

'’fifth "Result SIS equally placed 
B «uonne ex icily opposite tins fitlh j *i « cttlfnr 

forming a regular octahedron aroun i sulfur exaetb as 

S F.„ (^,g c"ll ) Attach five fluonnes^. oea^sul^^^ 

* (154) Tlien connect the Ixvo suU 
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three other borons to one of the first Isvo so that they are 
apart (nrerimm scale) and form the base of a square 
svhich rests the fifth boron Taho lour bridging 

cent larger than the regular size hydrogens, and bridge the four 03 inch 
gaps at a position directly opposite the apical boron Now “™==Yds 
five regular size hydrogens, one to e leh boron, as far from 

77) BinHu Connect two borons tangentially O" side of this paiq 
at the junction, attach one more boron, so it is connected o eac 
p ur The four borons thus assembled are not quite planar, one of the last 
borons being about 05 inch (medium scale) out of the plane o 
angle formed by the other three Now, to each of these last two boron , 
attach one boron so that it forms an angle of about 100 with the 
pi me of the first four The idea is to construct a bashetlike 
hst ptir of borons will be sepir.ited from one another by a is 
about 0 5 inch greater than the separation of the second pair of boron 
be added Now attach four more borons, two to each or the Jas c 
nected borons, so that each also attaches to one of the initial 
borons and nearly attaches to one of the second pair of borons on ' i 
thus hwe formed a basket Tlie last borons added leave about 0 in 
gip it each side of the bisket nm The basket bottom closely resem e 
the Bi. cluster of elementary boron . 

Now you will need four bridging hydrogens each about 20 per cen 
larger than the ten other hydrogens Attach these four at the top run o 
the basket, so that they connect all but the two 05 inch gaps previous y 
mentioned Taken alone, these four bridging hydrogens form a squa:^ 
Now connect one regulir size hydrogen to each of the ten borons at e 
point farthest from all other bonds Look at Fig C-10 while doing t is 
construction — it may help 


81) GajHo (Fig C9) Like 74 

86) C-Hr (Fig C-14 ) Mark four tetrahedral positions on each carbon 

Attach three hydrogens to each carbon, and then the two methyl groups 
together The most stable configuration would be the “staggered posi 
tion for the hydrogens, looking along the carbon-carbon axis, so a six 
h) drogens are uniformly distnbuted m the field of vision 

86a) CsH. (or CnHo) (Fig C-14 ) Acetylene Cut segments from 
the tuo carbons so their bond length will represent 1 20A Connect t lem, 
and at opposite sides attach one hydrogen to each carbon, making ® 
whole molecule linear 

Benzene Cut segments from the carbons to permit 1 39A bond 
and 120® angles Connect the carbon atoms in threes, and then attach t e 
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207) TeCl 4 Like PF , x , but with one equatorial position vacant 

212) ICI 3 Probably like 161 

213) ZnCL crystal (Fig C-12 ) Attach six chlorines to one zinc with 
90’ angles, forming thus a regular octahedron Do this by first attaching 
two chlorines, one at each side of a zinc, so the three atoms form a straight 
line Then, at right angle to this line, attach t^^o more chlorines at op 
posite positions on the zinc You now have a square of chlorine atoms 
'vith zinc at the center Now attach one chlorine directly abo\ e the square, 
another directly below This is the regular octahedron Now, allou the 
Ktahedron to rest on three of its chlorines The other three chlorines \\all 

e held m the air The zinc chloride crystal lattice consists of lavers — 
each hyer a sandwich, a plane of chlonne atoms on the table, a parallel 
zinc atoms just above, and a parallel plane of chlonne atoms just 
^ the zinc plane Build on to the onginal ZnClg group by attaching 
atoms and other chlorine atoms until you have a layer large enough 
° suit A reasonably large section contains about 11 zinc atoms and 22 
'Wonne atoms 


AlcBrc Like 183 
Ga.Bro Like 183 
PBr, Like 148 
S,Brn Like 203 
■^\ SeiBr, Like 203 

Probably hke 207 
^ AU, Like 183 
3iai Probably like 207 

314 B AsiSr, 315 

"<Sio Like 39 

(Fig C-13) Attach the arsenic atoms together to fom l«o 

UQjs arsenic of one pair attach two sulfurs SO that t le ® ^ 

pji, 3 ?,'’'^,**'^ SAsAs angle is 100” To each of the arsenics o t e 
S; sulfur so that SAsAs is 100” and the *'™ 

s P’=>nor Now fit the two sections together so that each arsenic 

3 jg\ * sulfurs and each sulfur to t^^o arsenics 

31 ? Like 38 

3191 » O ’ Probably hke 38 ^ W-nJ. 

(b'‘gs B-10 and B 11 ) See later, instructions on zin 

P- 

'-impounds 


S Ui considered in alphnbelical to 

I5"/Aisusedherc Onemaycas y 

*.->7^ scales ' T 

’ 'S'IcN__Ag(NH3).+. (Fig C-13 ) Ag3S"d, IIP. N 2J X 
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coordmahon space o! the other, and Rie fluorine 

when viewed along the FSSF axis (i e , all 8 equatorial sulfurs are vie 

as evenly spaced) 

156) SeF, Like SFs, 154 

157) SeFi, LikeS^Fio 

158) TeFo Like SFo 

159) Te.Fio Like 155 Tlien 

161) GIF, Attach one fluonne to chlorine, bond length 1 ““A l 

attach each of the remaining two fluorines to the chlorine, at bond lengtli 
170A to mike bond angles of 87“— all four atoms in tlie same plane 


162) BrFi Probably like 161 , 

163) BrF Probably tetragonal pyramid with bromine on same side o 
plane of base as is the fifth fluorine, but closer 


164) IF Probably same 

165) IF- Possibly pent igonal bipyramid 

181) B.CU (Fig C-12 ) Like B.F4, 129 . 

182) B*CU (Fig C-12) Connect the four borons m a tetrahedral 
cluster Then attich one chlorine to each boron at the farthest possi e 
distance from the other bonds 

183) A1 Clo (Fig C 11 ) Attach two chlorines to each aluminum m 
tangential contact and forming a bond angle of 109® Then place the tuo 
AlCli groups on a table with the aluminums near and the chlorines op 
posite Anange so the aluminum surfaces are 1^ inch apart (for tie 
medium scale model) Then bridge them with a chlorine fastened to 
both, directly above the table Invert and connect a second bridging 
chlorine The bridging chlorines are thus about 1 inch apart and form a 
plane with the two aluminums that is perpendicular to the plane of t e 
other four chlorine and the aluminums 

184) GasClc Like 183 ' 

185) InjClo Like 183 ' 


190) S12CI0 Like C H. (86) ' 

198) PCI (Fig C-11 ) Attach three chlorines tangentially to pho', 
phorus, at corners of an equilateral triangle around the phosphorus wit^ 
120° bond angles Tlien attach just barely tangentially, the other tWj 
chlorines one directly above the triangle, the other directly below, font 
mg a trigonil bipyramid The bond lengths for the last two chlorint, 
(apical) are slightly greater than the others (equatorial) ; 

203) S.Cl. (Fig C-11 ) Connect tangentially one chlorine to ea( 
sulfur Then connect the two sulfurs so that the SSCl bond angles are 10* 
and the plane of the two sulfurs and one chlorine makes an angle of 9!^ 
with the plane of the two sulfurs and the second chlorine 

205) SejCls Like 203 

206) SeCU Probably like 207 
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0 atoms to make the bond lengths representative of 1 45A Connect 
Miking 109° angles with the SO bond and with each other, attach the 
bio bromines tangentially to the siilfiir 

332) Br.CH— CHBr, C 2 2''d, 3P, H 0 9"d, 5P, Br 3 5"d, 3N Like 330 

333) Br,OP— POBr, P 29"d, TP, O 24"d, 5N, Br 3 4"d, IN Cut off 
the oxygen and phosphorus atoms to represent a bond length of 1 41A 
Connect Attach the three bromine atoms tangentially to the phosphorus 
so that it is surrounded by four atoms tetrahedrally 

334) BnPS— PSBn P 2 9''d, 6P, S 3"d, IP, Br 3S"d, 3N Like 333 
P~S bond length, 1 89 A 

335) CaCOi (Fig C 8 ) Ca ion, 3"d, 12P CO, ion, see 25 

336) CClHr-CH,Cl C 2 3°d, O, H l"d, 3P, Cl 3 2"d, 6N Like 328 

337) CCI2F2 C 2 3"d, TP, Cl 3"d, O, F 2 5"d, 5N Surround carbon 
inth the other atoms tetrahedrally 

338) CCI2H2— CH.Cl; C 2 3"d, 3P, H l"d, 4P, Cl 3 2"d, 5N Like 330 

339) CC1,H— CHCI3 (Fig C-14 ) C 23"d, 4P, H 08"d, 6P, Cl 3"d, 
4N Like 332 


340) CFHr-CHiF C 2 3"d, 2P, H l"d, 4P, F 25"d, 8N Like 328 

341) CFjHr- CHjFs C 2 2"d, 4P, H 08"d, 6P, F 2 4"d, 7N Like 330 

342) CF,H— CHF, C 2 l"d, TP, H 0 8"d, 8P, F 2 3"d, 5N Like 332 

343) CHI, C 2 3"d, O, H l"d, 2P, I 4"d, IN Like 332 

344) CHO3-— HCO,- 

Prepare bvo cuts on carbon and one on each of two oxygens as in CO," 
(35) Connect At the third comer of an equilateral triangle around the 
““bon, attach the OH tangenbally, HOC angle about 105°, and the hy- 
^ogen coplanar with the rest of the ion 

3^5) CHN— HCN C 23"d, IP, H l"d, 4P, N 24"d, 4N Cut the car- 
n and nitrogen atoms to represent a bond length of 1 16A, and connect 
attach the hydrogen to the carbon exactly opposite the nitrogen, 
^0 the molecule is linear 

^6) CH2O-HCHO C 2 3"d, 2P, H l"d, 4P. O 2 4''d, 7N Cut the 
^oon and oxygen to represent a bond length of I 2lA, and connect 
the two hydrogens tangentially to the carbon to maVe an 0(301- 
Jiul of two hydrogens and one ox) gen around tlie carbon. 

*h bond angles 1^0® 

347) CfLO_HCOOH (Fig C-14 ) C 23"d, 4F, O 2fU » 

, ’ Cut segments from the carbon and otjgen for a ou c n 

them Attacli, and llien attach the second ox>gcn ^l^somcwh^t 
'ban tangential contact, to the carbon, making the OCO angle 
Crf the Indrogcn atoms one to the second oxjgcn. towar ic 

^ '"^gen. and one to tlic carbon and s)7nmctncal!> opposite llic tno 


CH3I c 2,3"d, IN. n 1 ru IP. 1 ^ 
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H r'd, 4P Connect three hydrogens to each mnogen at ‘l>e “rners of 
1 rtcular tetrahedron Fill the fourth corner of each nitrogen by the 
‘silve?, so that the NAgN bond angle is 180" There is ™ 
deciding the relative orientations of the NH3 groups, probably hey should 
brstagiered so that a view along the NAgN axis would show all six 

hydrogens symmetrically arranged Aftach 

303) AlBsH.o (Fig C-10 ) A1 3"d. lOP, B 23"d, 4P, H 1 d. 2N Attach 
two hydrogens to each boron at 120° angle Attach two other hydrogens 
to each boron to make as symmetrical as possible a tetrahedron, 
mg that one angle is already 120° The angle between the last two hydro 
gens is approximately 109° Then attach the three BH4 groups to the 
aluminum, with the borons in a plane with the aluminum, at the comers 
of an equilateral triangle, by attaching the two 120° hydrogen atoms 0 
the aluminum as a bridge from the boron These hydrogen bridges are 
thus perpendicular to the boron — aluminum plane, placing the non n g 
mg hydrogens in that plane 

324) AIHuOq— AUHoO) OH++ Like 325 except that one of the water 

molecules is replaced by OH Al 27"d, 12P, H 08"d, 6P, O 23 > 

325) AIH,,0«-AUH20)c-^ + + (Fig C-13 ) Al 27"d, 12P, H 4 d. 
6P, O 23"d. 4N Assemble 6 H2O molecules (1) It is uncertain whether 
the waters should be attached to the aluminum through an electron pair 
of each oxygen or by dipole ion interaction The partial charges are ca 
culated assuming equalization of electronegativity throughout the lon, bu 
perhaps attachment as a dipole would be better This means attaching 
the SIX oxygens to the aluminum at the point directly opposite the two 
hydrogens instead of with AlOH angle of 109° The positions on the 
symmetrically located, with 90° angles, the structure being octahedra 
Nfake a square around the aluminum and then attach one water direct y 


above and one below , , 

326) BtHoNs— BiNtHo (Fig C 10 ) B 25"d, 6P, N 25"d. 6N, H l"d. 
O Prepare a nng like that of benzene, only having alternate boron an 
nitrogen atoms, and attach one hydrogen to each ring atom just as in ben- 
zene (861) 

327) Be(H;0)4++ Be 20"d, 12P. H 08", 6P, O 23"d, 5N 
Assemble four water molecules and attach them to the beryllium at cor- 
ners of a regular tetrahedron The BeOH angles should be 109° 

328) BrCHr-CHaBr C 23"d, O, H l"d, 2P, Br 36"d, 5N Attach the 

three hydrogens and the bromine to the carbon, with tangential contact 
and all bond angles 109° 

329) BrH,Si— SiIIsBr Si 3"d, TP. H l"d, O, Br 3 7"d, 6N Same as 328 

330) Br.ClIi— CHjBr» C 23"d, 2P, H l"d. 4P, Br 3 6"d, 4N Attach 
all other atoms tangentially to the carbon at 109° angles 

331) BrsOS— SOBrs S 3"d, 4P. O 2 3"d, 4N, Br 3 4"d, O Cut off S and 
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Onent the two methyl groups to give minimum interference of hydrogens 

361) C.HeS— CH3CH2SH C 23"d. IN, H 1 l"d, IP, S 3 2"d, 4N Like 
359 

362) (CHOsS Like 360 

363) C2H7N— C2H NH2 C 23''d, IN, H 1 l"d. IP, N 2 4"d, 5N Like 
359, only NH2 m place of OH Angles of bonds to nitrogen, about 107° 

364) C,FeN— (CFOsN C 2 l"d. 8P, N 2 4''d, 4P, F 2 3''d, 4N Attach 
three fluorines to each carbon at tetrahedral comers At the fourth comer 
of each carbon, attach to nitrogen, so that the CNC angle is 114° 

365) C3H9N— (CHOaN C 23"d. IN. H 1 1'U IP, N 24"d, 5 N At. 
tach three hydrogens to each carbon at tetrahedral comers, and each 
methyl group at the fourth comer of carbon to the nitrogen, making CNC 
angles of 109° 

366) C^HsN C 25"d, O, H I'U 2P, N 25"d, SN Attach the five car- 
bons and the mtrogen just like the benzene nng, and similarly attach 
one hydrogen to each carbon 

367) CfiH O- C 24"d, 3N. H l"d, IN, O 2 6", 9N Construct like 
benzene (86a) and attach O in place of one hydrogen, at somewhat 
greater than tangential contact 

368) CeH-N— CcH NH3 C 23"d, IN, H l"d, 2P, N 24"d, 5N Like 
benzene and ammonia, only attadi durd position on the nitrogen to the 
®^bon lacking hydrogen, keeping the nitrogen m the plane of the ring 

369) CsHgOi aspinn (Fig C 16 ) C 2.5"d, IP, H l"d, 3P, O 25"d, 

N Form a benzene nng with six carbons and add hydrogen to each of 
our adjacent carbons To one of the remaining two nng carbons, attach 

acetyl group, through oxygen (see CH1COOH) To the other, attnch 
be COOH group (as m formic acid) This should be onented so the 
3cid hydrogen is nearest an oxygen of the acetyl group 

370) CijH^Oii-sucrose-cane sugar (Fig C-15 ) G 2 5"d, 2P, H 0 8"d, 

» O 25"d, 7N This molecule contains bvo nngs, one of four carbon 

and one oj^gen atoms, one of five carbons and one oi^gen The bonds 
^5® ^‘”gle Construct Ring A of four carbons and one oj^gen, keeping 
bond angles 109® to carbon and about 105° to o^gen Construct 
B of 5 carbons and one oxygen bond angles as before Ring A will 
nearly planar. Ring B not Join the hvo nngs through an outside oxy- 
^ atom, as a bridge, attached to a nng carbon next to nng oxygen on 
^ n nng Then prepare three CH-OH groups separately Attich one to 
the same nng carbon that is attached to the bridge oxygen 
th *0 R*ng A at the nng carbon which is separated from 

CUn nientioned nng carbon by the nng oxjgcn Attach the third 
- group to Ring B on the nng carbon analogous to the last men- 
Bing A carbon No\^ prepare five OH groups and, with HOC 
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Iel"tu^ th'e caLn Then attach the hytopn to the oxy en 
at a bond angle ot about 109” All tangential contact, except that 

°To) CH S-CH,SH calwHl'miP. S 3rd. 4N Like 349 
351 CH.N-CH3NH= C 23"d. IN, H l"d 2P, ^ 24"d 5N Like 
NH, and CHi except, attach the NH. to the carbon in place of the fourtn 

^^352) CH^Na— NH CNHNH™ (guanidine) C 2 3"d, IP* ^ ^ 

N 24"d, 4N Prepare two NHj groups like NHs Cut a third 
and the carbon to represent bond length of 1 26A Connect Attac ^ X 
drogen to the cut nitrogen so that the HNC angle is 109 . Attac 
NH2 groups tangentially to the carbon so that the three nitrogens to 
a triangle around the carbon, with 120® angles 

353) COS C 2 2''d, 4P. O 23"d, 5N, S 3"d, 2P Cut carbon, 

and sulfur to represent bond lengths of 1 16A for C — O and 1 56 or 
CS, and to m'vke a linear molecule Connect 

354) C.F^O.-CFsCOO- (Fig ) C 2 3"d, 4P, F 25 d. 7N 
O 25"d, 5N Cut one carbon and two oxygens to represent bond lengtns 
of 1 24A and 120® bond angle Attach three fluorines to the second carbon 
at 109® angles Then connect this carbon tangentially to the first, jn t e 
same plane with, and symmetncally opposite from the two oxygens 

355) CoFoO— (CFOsO C2rd,8P,F22"d,4N,O22"d,0 

Attach three fluorines to each carbon at tetrahedral comers, an t en 
each carbon, at the fourth comer, to the oxygen so that the COC ang e 
is about 125° Orient CFt groups to give minimum interference 

356) CsHtN— CH sCN C 2 3"d, O, H l"d, 2P, N 2 4"d, 5N Like meth- 

ane and HCN Methyl carbon should be attached tangentially to the 
carbon, directly opposite from the nitrogen _ 

357) CoHsOj- CH3COO- (Fig C-6) C 24"d, 3N, H l"d, IN, O 
25"d.9N Like354 

358) C5H402— CH3COOH (Fig C6) C 23"d, 2P, H 08"d. 4P, O 
2 4"d, 7N Attach a methyl group, a double bonded oxygen, and an O ^ 
group to a carbon atom forming a planar tnangle with bond angles * 

359) CsUsO— CH,CH20H (Fig C-14 ) C 23"d, O, H l"d, -P, 

O 2 4"d, 8N Attach three hydrogens tetrah^rally to one carbon and two 
hydrogens and an OH group similarly to the other carbon Then join 
the two carbons at their fourth tetrahedral comers HOC angle shou 
be about 103° . 

360) (CHOjO (Fig C-14 ) Same atoms as 359 Form two methyl 
groups and then attach them to the oxygen with the COC angle HI • 
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3N Cut off two segments at tetrahedral comers of chlorine, as sufficient 
for two double bonds to oxygen Cut off similar segments from the two 
oxygens Then to a third tetrahedral comer of the chlonne, attach the 
third oxygen, m tangential contact To it, attach hydrogen at 109 and 
either over one other oxygen or midway between the ttvo other “ygfns 

377) ClHO,— HOClOa (Fig C-6 ) H 07"d, 8P, Cl 3 d, O, O - 5 . 
3N Cut off three segments from three tetrahedral corners aroun 
chlonne Cut off corresponding segments from each of three 

and connect Attach the fourth oxygen to the fourth comer of the c 
nne, m tangential contact, and to it, one hydrogen, over one o e 
oxygens or midway between two of them 

378) C1H.N-NH,C1 N 23"d, 3N. H l"d, 4P, Cl 3 Attach 

the two hydrogens and the chlonne to the nitrogen, making bond angles 

379) ClHaSi— SiHaCl (Fig C-10 ) Si3"d,7P. H 1 2"d, O, C133"d,7N 

380™CUOS-SOC1, (Fig C-13 ) O 23"d, 3N, S “ 3"d, IN 

Cut the sulfur and oxygen atoms to represent a bond ength of 1 45A 
Connect, and then attach the two chlorines to the sulfur so that the 
ClSCl angle is U4« and the OSCl angle is IM 

381) cloaS-SOaCla S 3"d, 5P, O 23 'd 3N, Cl 3 d O Cut the 
sulfur and oxygen atoms for an SO bond lengt o 

angle of 120” Then attach the two anrie V m” 

plane is perpendicular to the OSO plane and 

382) ClsHSI^iHCl, Si 3"d, TP. H 1 2''d O, Cl 33 d, 8N Attach 

hydrogen and chlorines tetrahedrally to the SI iwn ri T'd 2N 

383) ClsOP-POCl, (Fig C-13 ) P 3';d. 8P 0 25 d 4N C 3^d,2N 

Cut the phosphoms and oxygen atoms for a bon e g CIPCl 

“nnect Then attach the thr^ chlorines to the phosphoms wuth CIFU 

nitrogen and oxygen atoms for a bond 'nng* ° ’ , jgo 

'acluhefluonne to the nitrogen so that the Like SOCl, 

W F,OS-SOF= S 3''d, GP, O 23 d, O. r -3 d 
F,O..S-SO=r= S 3"d, 7P. O 23''d. O. F ^ d. 4js 

^ OX) gens for a bond length of 1 4 A. ,^4 perpendicular 

f>nn«t AHaeh the two fliionncs to the sulfur in a plane pc [ 

® *he OSO plane, with an FSF angle ^ ^ 353 

389) r.OP_p6F, P 2.7"d. lOP. O 2J"d. IN. F 2J d. 4N. uxe .isj 
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anda of 105”, attach one to each nng carbon, of both nngs, that 
valence of all carbon atoms where necessary, by attacbing y g 

371) Ci 4 H»Cl 5 -DDT (poorly named, diehlorodipbenyltncbloroethane). 

(Fm C ISTC 25"d. 1 p! H l"d. 3P. Cl 3"d. BN In th.s molee.de. two 

ehlorophenyl groups and one tr.ebloromethyl group, and 

are attached tttrahedrally to one carbon Prepare two C, 

zene, with a chlorine attached to each, m the same plane, mid hydrogen 

attached to each other carhon except to the carbon opposite the chlorin 

Attach three chlorines tetrahedrally to another carhon Attach hy"®? 

to still another carbon, and complete its tetrahedron by attaching a 

the two ehlorophenyl groups and the CCI 3 group 

372) CioH„0 vitamin A (Fig C-15 ) C 23 "d IN H 1 1 d, 1 P, O 
2 3"d, IN Attach five pairs of carbons separately by double 
C 3 H 4 Each carbon of these pairs will now form two more bonds at \l 
with double bond and each other To one pair, attach a ^nam oMour 
carbons so that they form a 6 -membered nng having one double 
This will be close to planar Attach the remaining four double bondea 
pairs so they form a planar zigzag chain of 8 carbons attached to one o 
the double bonded carbons of the nng To the single-bonded nng car on 
next to this one, attach two methyl groups Attach a methyl group ® 
other double bonded ring carbon (this methyl is missing from the mo e 
m Fig C-15) To the other nng carbons attach hydrogens to fill m the 
vacancies Now, to the third chain carbon away from the nng, and to e 
seventh attach one methyl group each To the end carbon of this c am, 
opposite the nng, attach an OH group Fill any remaining chain vacancies 
with hydrogen 

373) CoiHssO, cortisone (Fig C-16 ) C 25 "d, O, H rd, 2 P, O 2 5 d, 

8 N Better consult a book of biochemistry giving this structure 
trying this one — which is not too difficult to constnict but quite difficu 
to describe m words , 

374) ClHO— HOCl H 0 8 "d. BP, O 25"d. 4N. Cl 3"d, 3N Attach 

both hydrogen and chlorine to the oxygen m tangential contact, makmg 
a bond angle of 109° (FigC 6 ) 

375) ClHOr- HOCIO H 08"d, 7P, Cl 3"d. 2N, O 25"d, 4N (^g 

C 6 ) Cut off segments of chlonne and one oxygen to form a dou e 
bond, and connect Attach a second o^gen in tangential contact, to me 
chlorine at 109° angle from the first oxygen Connect hydrogen ^ ^ 
oxygen at 109° angle with the chlonne bond and nearest to the first 
oxygen , 

376) ClHOa— HOClOs (Fig C 6 ) H 0 8 "d, 8 P, Cl 3"d, IN, O 25 d. 
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groups and attach to the carbons on each side of the methyl and opposite 
It, so that they are in the plane with the carbon ring To each of the 
other two ring carbons, add one hydrogen 

Rock Salt (NaCl) Structure 

Herein (Figs B-7, C-12) each atom has a coordination number of 8, 
all neighbors being of opposite kind To make the mode s own in t e 
photo, make three separate checkerboard pattern layers o nine a oms 
each, two squares with black comers and one with w ite en assem e 
the layers with the white cornered layer in the middle, forming a black- 
comered cube Some compounds having this type o structure are is 
in Table 10-14 

Cesium Chloride Structure 

lu this crystal, as shown in Fig B-8, each kind of atom is^ 
o! a cube of 8 atoms of the other kind-8 8 coordinatmn Th'^ 
thus resembles a fluorite structure but with no holes “ “f®, ? 
by 8 whites at the comers of a cube The bond ang ® „ Ino of the 

nearest bond pairs Then complete a black cube surroun '”8 
comer atoms of the white cube Extend this procedure as far you like 
The pictured model contains 12 atoms of each kind Some compounds 
having this type of stracture are listed in Table 10-15 

Nickel Arsenide: NiAs 

lu this crystal, shown m Fig B 9, each nonmetal “ 
of a tnangular prism of six metal atoms of the ot er in , ‘ jgj 

osual octahedron, in 6 6 coordination Each metal “'om 
by a distorted octahedron of nonmetal atoms The Pf 
'oms 21 whites and 12 blacks First there is a layer f ^ 
rated hexagon with one at the center Next layer is a n* g 
Next IS a layer of whites ,ust like the first Next is a tnangle o 6 b ack 
imt hke the second only inverted Next is another hexagonal laye 

First construct a triangular prism of ^‘‘"^'““palng 'i^about 05 
oil closest neighbor whites are equally spaced P , opened onsm 

'odius behveen white sphere surfaces Then mnstm . P 

"■'h one edge in common svith the first, "^tre Z "hZ. 

“me rectangular plane Using the rcserse side P’y^^ 

"''""Ct two more such prisms opposite to blacks Now build 

bo first three layers mentioned above, save for » base 

llo^"™ I one directly above another 

However, stagger the centers, so they arc not one direct y 
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390) F3PS-PSF. P 2 8"4 9P. S ^9"d. 5P, F SN 

.he two of the oxygensjor’bond '-gths of ^nd 13^” 

plLe with the NO5 Attach hydrogen to the third oxygen in e 

(Ccitel wJpare two OH groups, and aUach 
them and two double-bonded oxygens to four corners of a '^e^™;; 
around the sulfur, cutting the sulfur and double-bonded oxyge 
preparation H 0 8"d, 6P , S 3"d, 3P, O 2 3 d, 4N 

393) Zn(NHi)i++ (Fig C-13 ) Zn 35"d, 9P, N 23 d, 3N- « 08 d 
5P Construct four ammonia molecules and attach them tetr ‘ X 
around the zmc 


Miscellaneous Compounds Containing Four or More Elements 

394) CFsCOOH (Fig C-6 ) C 23"d. 6P, F 25"d, 5N, O 25"d, 3N 

H 0 8"d, 8P Attach three fluorines to a carbon at three corners ot 
regular tetrahedron Cut the second carbon as m acetic acid, and con- 
tinue as described , o vm 

395) BFa 0 (CHt )2 (Fig C-ll ) B 22"d, 8P, F 24"d, 8N, C 23 d, 
2P, H 0 8"d, 4P, O 2 4"d, 6N Attach tangentially three fiuonnes and an 
oxygen around the corners of a regular tetrahedron surrounding won 
Attach three hydrogens at the tetrahedral comers around each car on, 
and then at the fourth corner of each carbon, attach to the two tetra 
hedron comers of oxygen (boron is at the third comer) 

396) CTHsNiOa-mtroglycenn (Fig C45 ) C 23"d, 5P, H 08'd, bP, 
N 23"d, O, O 23"d, 5N Prepare three nitrate groups just like HNUt 
without the hydrogen Attach the three carbons together with two hy ro 
gens on each terminal carbon and one hydrogen on the central carbon 
carbon bond angles should be 109® Then to the fourth position of eac 
carbon, attach the single bonded oxygen of the nitrate group 

397) CcHsO.N^S-sulfanilamide (Fig C-16 ) C 25"d, IP, H 

O 2 5"d, 7N, N 2 5"d, 4N, S 3"d, 2N Make a benzene ring, and at 120 
angles attach nitrogen to one carbon, sulfur to the opposite carbon, an 
hydrogen to each of the other four carbons in the ring Add two 1^ ro* 
gens at 109° to the nitrogen, a similar NHs group to the sulfur, and two 
oxygens also to the sulfur so it is tetrahedrally surrounded, with the oxy- 
gens double-bonded 

398) CTH-iNaOo TNT-tnmtrololuene (Fig C-15 ) C 2 5"d, 3P, 
H 0 8"d, 5P, N 2 3"d, 2N, O 2 5"d, 6N Prepare a benzene ring with one 
methyl group attached to one carbon Prepare three NOs multiple bon e 
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an edge (two whites) is shared in common, and the two cubes should be 
aligned like stairs. The final structure, if extended far enough, becomes a 
regular assembly of such white cubes, sharing all six faces at the interior 
of the crystal, and having a black ball at the center of every other cube. 
Keeping this in mind, attach black balls to the two assembled cubes in 
such positions that they would occupy the centers of every other adjacent 
cube. Thus the more abundant element shows a coordination number of 
8, the other, 4. Each atom is at the center of a cube of the other kind of 
atom, but half the cubes of the more abundant element surround a hole 
instead of an atom. See Table 10-19 for examples. 


Rutile (Ti02) Structure 

The model shown in Fig. B-14 contains 13 white balls and 20 black 
balls. In this crystal the coordination numbers of white and black are 6 
and 3. You may begin by assembling two regular octahedra of black sur- 
rounding white, having one edge in common. Holding these so you see a 
plane of 6 blacks, in a verticle rectangle, attach one white to each of these 
six blacks to extend that rectangle to left and right. You now have a hon- 
zontal rectangle bordered on left and right edges by three white balls 
each. Now, perpendicular to this plane, connect two blacks to the three 
whites at each edge so as to bridge them. Turn the rectangle upside 
down and connect four more blacks just opposite the last four menhoned. 
To each of these, attach one white so that the white-black pair is perpen- 
dicular to the plane of the rectangle. Also bridge the two uppermost 
Macks of the original two octahedra by attaching one white. Lootang 
down on the rectangle plane, you wiU now see five whites in a plane 
parallel to the rectangle and nearest to your eye: two at the left ^o a 
*>>= right, and one in the middle. You can now connect tee whites to- 
g'ihcr by a black at the center of each white triangle. The near plane 
Will then consist of five whites and two blacks. The model as illusfrated is 
"ow complete. For examples of compounds having the rutile stiuctu , 

rce Table 10-20. 

Wer Lattice: MX, 

,,•0.0 type of crystal model shown in Fig. B-IS consists of 6 w^te ™d 
Mblack spheres all the same size. Begin by connecting 6 
bc^lly to one white. Make a planar square of sm.are Let 

“"d then attach the fifth and sixth black above and below ">0 
assembly rest on a level surface so that it is stab y 
^'bs. TTse other three blacks svill then form a tnangle parMle to die 
triangle but inverted in orientation. Then .mnnect tsvo 
'he bast blacks so that each is also connected to a vertex black of the 
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this structure are listed in Table 10 1 

Zinc Blende (Sphalerite) and Wurlaite Structures 

These, Illustrated in Fig B-10 -and B jl. are ve^ X LTdTnaUon 
the positions, relatively, of the four of the other 

10-17 and 10-18 


Corundum Structure. M 2 X 3 

This structure, typical of alpha alumina and J "l, “ “ f NaQ, 
Fie B 12 It IS actually identical with the simple ™Bic 
exLpt that every third cation location is vacant As 
Egure, this changes the appearance remarkably, especia Y 
aMles The model pictured contains four parallel planes th 
nally through an ordinary cubic structure These are alternately 
and of white atoms The total is 32 blacks and 16 whites 
One of many possible ways to construct such a model is to bepn y 
forming a square of blacks around a white Using one edge 
as a common edge of an ad)acent square m the same i, R balls 

white to this edge and complete the square You now should have ® 
in a rectangular plane— two black squares with a side in comrnon g 
6 blacks, and one white at the center of each square Make vo 


assemblies at first Affor>i 

Now prepare four squares, each of four blacks around a w i e 
two of these squares parallel to one of the initial planar assem les, 
follows Let the corner of one square cover the central atom o one 
the two squares in the first assembly, and the center of this 
cover the comer of the square of tiie first assembly You wi now a 
two parallel planes, one of joined squares, the next of two ^ 

squares This pattern of alternate layers is repeated throug ou 
crystal 


Fluorite and Antifluonte Structures. MXz or M 2 X 

The model shown m Fig B-13 consists of 14 while balls and 13 black 
balls, and is actually antifluonte if the white are metal First construe a 
cube of whites around one black The bond angle between two neares 
neighbor bonds is 70 5“ Be sure the cube is symmetneal Then ® 

a similar cube, all but one edge Attach this incomplete cube to t e rs 
cube so that an edge of the latter completes the former In other wor s. 
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top ..angle, and— etc ex.end.^la^.a.fa.^^^ 

Xg common &ch wh.te ball. 

tion number of 6 By different relative positions of such layers, mo 
tions of layer lattices are produced Examples of compounds having 
structures are given in Table 10 21 

Body Centered Cubic Structure 

Metals having this structure are listed in Table 3 1 
have other forms also In a model, an atom has 8 closest 
coiners of a cube surrounding it At the centers of 
cubes are six more neighbors to the first, but these are about 15 per cem 
farther away 


Face Centered Cubic Structure 

This IS also called cubic close packing” Metals having s^cmre 
are hsted in Table 3 2 To make a model m which one atom has 12 closes 
neighbors, attach four spheres around one, at the corners of a 
Then imagine two cubes to be constructed, one from each side o 
plane of this square Four faces of each cube are thus based on tne 
original square and perpendicular to it At the center of eac o es 
eight faces is a sphere that touches die original central sphere Thus are 
the 12 closest neighbors arranged 


Hexagonal Close Packing 

Here again each atom has 12 closest neighbors, but the arrange^nt 
IS slightly different In one plane, attach a rmg of six spheres to one en 
make two triangles of three spheres in mutual contact Attach, to e 
central atom, one triangle above, the other below, both parallel to e 
plane of its hexagon The triangles should be oriented alike (Opposite 
orientation gives cubic close packing ) Table 3-3 lists metals having is 
structure 



Table 2-1 


DATA FCR CALCtllATING MOLECUIAR ELECTRONEGATIVITY AND PARTIAL CHARGE 


s 

log S change in 

S/unit charge 


S 

log S 

change in 
S/unit charge 

H 3.55 

0.5502 

3.92 

As 

3.91 

0.5922 

4.11 

Li 0.73 

-0.1367 

1.78 

Se 

4.25 

0.6284 

4.29 

Be 2.24 

0.3502 

3.15 

Br 

4.53 

0.6561 

4.43 

B 2.84 

0.4533 

3.51 

Rb 

0.49 

-0.3098 

1.46 

C 3.79 

0.5786 

4.05 

Sr 

0.99 

-0.0044 

2.16 

N 4.49 

0.6522 

4.41 

Y 

1.75 

0.2430 

2.75 

0 5.21 

0.7168 

4.75 

2r 

2.26 

0.3541 

3.13 

F 5.75 

0.7597 

4.99 

Ag 

2.30 

0.3617 

3.16 

Na 0.70 

-0.1549 

1.74 

Cd 

2.59 

0.4133 

3.35 

Mg 1.79 

0.2529 

2.84 

In 

2.86 

0.4564 

3.52 

A1 2.18 

0.3385 

3.13 

Sn 

3.10 

0.4914 

3.66 

SI 2.62 

0.4183 

3.42 

Sb 

3.37 

0.5276 

3.82 

f 3.34 

0.5237 

3.80 

Te 

3.62 

0.5587 

3.96 



4,22 


3,84 

0.5843 

4.08 

S 4.11 

0.6138 





Cl 4.93 

0.6928 

4.62 

Cs 

0,44 

-0.3565 

1.38 

K 0.50 

-0.3010 

1.47 

Ba 

0,90 

-0.0458 

2.07 

Ca 1.10 

0.W14 

2.27 

La 

1.96 

0.2923 

2.91 

Sc 1.88 

0.2742 

2.85 

Au 

2.88 

0.4594 

3.54 

'^1 2.27 

0.3560 

3.27 

Hg 

2.93 

0.4669 

3.59 

2.84 

0.4533 

3.53 

T1 

3.ce 

0.4800 

3.65 

Ca 3,23 

0.5092 

3.77 

Pb 

3.03 

0.4886 

3.69 

Ce 3.59 

0.5551 

3.94 

Bi 

3.16 

0.4997 

3.74 
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Table 2-3 


SOME BOND LENGTH FACTORS 

To estis&te bond lengths when experimental measurements are not available, 
calculate the single bond lengths as the sum of the radii-in-coobination 
(as estimated free Table 2-2). Wultlplf this sum by the appropriate factor 
from the list below: 

factor description 

l.OOOO Single eorelent bonde, except as lleted below. 

Single bonds to double-bonded atc«s» 

Single bonds of F, 0. Cl, or N to highly electronegative atoms 
(F, 0, Cl, or N bearing low negative charge, or positive charge). 
D.923 Most single bonds to N, O, or F. 

Single bends between two oleflnic double bonds. 

Single bonds to triple-bonded atcaas, 

0.?85 Carbon-carbon bonds in aromatic rings. 

Carbon to sulfur double bonds. 

Single bonds between two triple-bonded atoms. 

Olefinic double bonds. 

Sulfur and selenioa bonds to oxygen in oxides and oxyhalides. 

^•S08 Sulfur to oxygen in sulfones, sulfoxides. 

Nitrogen to oxygen in 5N*0 compounds. 

“•’’O JUl CMbon to cotton u.d ctfbon to nitrostn triple bonds. 

All cwbnnyl bonds, inclndln, o«bo= o.ldos K»I dotlrstivos. .nd 
organic and inorganic carbonyl ecopeunds. 

Nitrogen to oxygen in compounds. 

“^"to.b positive cbsrte. tbe bond len,tb Is osnsll, 

*^^**rr than estimated by use of the above factors.) 
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DAT. K.K CALCUIAIICH OP PADlDS-m^INATION 
(See also Table 10-2) 


Z 

2 0.81 

3 1.10 

4 1.36 

5 1.57 

6 1.75 

7 1.90 

8 2.03 

9 2.13 

10 2.25 

11 2.S6 

12 2.86 


13 3.20 

14 3.56 

15 3.94 

16 4.34 

17 4.78 

18 5.27 

19 5.36 

20 5.48 

21 5.60 

22 5.71 

29 6.32 


30 6.39 

31 6.46 

32 6.53 

33 4.34 

34 6.65 

35 6.71 

36 6.75 

37 6.89 

38 7.05 

39 7.20 

40 7.35 


47 8.25 

48 8.40 

49 8.54 

50 8.65 

51 8.76 

52 8.90 

53 9.04 

54 9.13 

55 9,25 

56 9.36 
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Table 10-1 


Some Suppliers of Styrofoam 
Frostee Sno Co., Depot St., Antioch, Illinois 

Craft House ftroducts, Dorothy Fllcek Industries, 5680 Northwest highway, 
Chicago 30 , Illinois 

Star Band Co., Broad and Commerce Sts., Portsmouth, Virginia 
Snow Foam Products Inc., 1615 W. Oidley, El Monte, California 
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Table 3-1 


METALS HAVING BODY-CE?«TERED CUBIC STRUCTURE 


Li 

N& 

K 

Rb 

C8 


Ba 


Ti 

tz 


Hf 


Cr 

Mo 


W 


Fe 


Table 3-2 

METALS HAVING CUBIC CLOSE PACKING CFACB-CENTERED CUBIC) 

Ct Se Fe Co N£ Cu 

Sr La Rh Pd Ag 

It Pt Au 


Tbble 3-3 

HAVING KEXAOCMAL CLOSE PACKING 

Tc Ru Co Ni Zn 
Re Os Cd 


Be Sc Ti 

M« T 2r 

La Kf 


A1 rb 
In 
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Table 10-2 (continued) 



C 



N 



0 



F 


s 

eh 

r 

S 

eh 

r 

S 

eh 

r 

S 

eh 

r 

2.9 

-22 

84 

3.0 

-34 

86 

1.0 

-89 

127 

1.6 

-83 

110 

3.0 

-20 

83 

3.1 

-32 

85 

1.2 

-84 

119 

1.7 

-81 

108 

3.1 

-17 

82 

3.2 

-29 

84 

1.4 

-80 

113 

1.8 

-79 

106 

3.2 

-15 

82 

3.3 

-27 

83 

1.6 

-76 

108 

1.9 

-77 

104 

3.3 

-12 

81 

3.4 

-25 

82 

1.8 

-72 

104 

2.0 

-75 

103 

3.4 

-10 

80 

3.5 

-22 

81 

2.0 

-68 

101 

2.1 

-73 

101 

3.5 

-7 

79 

3.6 

-20 

81 

2.2 

-63 

97 

2.2 

-71 

99 

3.6 

-3 

79 

3.7 

-18 

80 

2.4 

-59 

95 

2.3 

-69 

98 

3.7 

-2 

78 

3.8 

-16 

79 

2.6 

-55 

92 

2.4 

-67 

97 

3.8 

0 

77 

3.9 

-13 

79 

2.8 

-51 

90 

2.6 

-63 

94 

3.9 

3 

77 

4.0 

-11 

78 

3.0 

-47 

88 

2.8 

-59 

92 

4.0 

5 

76 

4.1 

-9 

77 

3.2 

-42 

86 

3.0 

-55 

90 

4.1 

8 

75 

4.2 

-7 

77 

3.4 

-38 

84 

3.2 

-51 

87 

4.2 

10 

75 

4.3 

-4 

76 

3.6 

-34 

82 

3.4 

-47 

86 

4.3 

13 

74 

4.4 

-2 

75 

3.8 

-30 

81 

3.6 

-43 

84 

4.4 

15 

74 

4.5 

0 

75 

4.0 

-25 

80 

3.8 

-39 

83 

4.3 

18 

73 

4.6 

2 

74 

4.2 

-21 

78 

4.0 

-35 

81 

4.6 

20 

72 

4.7 

5 

74 

4.4 

-17 

77 

4.2 

-31 

80 

4.7 

22 

72 

4.8 

7 

74 

4.6 

-13 

76 

4.4 

-27 

79 

4.8 

25 

71 

4.9 

9 

73 

4.8 

-9 

75 

4.6 

-23 

78 

4.9 

27 

71 

5.0 

12 

72 

5.0 

-4 

74 

4.8 

-19 

77 

5.0 

30 

70 

3.1 

14 

72 

5.2 

0 

73 

5.0 

-15 

76 

3.1 

32 

70 

5.2 

16 

72 

5.4 

4 

72 

5.2 

-11 

74 

3.2 

35 

70 

5.3 

18 

71 

5.6 

8 

71 

5.4 

-7 

74 

3.3 

37 

69 

5.4 

21 

70 




5.6 

-3 

73 
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Tabic 10-2 


ELEClRONEGATIVITy, CHARGE, AND RADIUS OP ELEMENTS 

IN COMPOUNDS 



H 


Li 



Be 



B 


S 

ch r 

S 

ch 

r 

S 

eh 

r 

S 

ch 

r 

1.0 

-65 

0.74 

0 

114 

2.1 

7 

87 

2.4 

-12 

87 

1.2 

-60 

0.79 

3 

112 

2.2 

10 

85 

2.5 

-10 

86 

1.4 

-55 

0.84 

6 

109 

2.3 

14 

84 

2.6 

-7 

84 

1.6 

-50 

0.89 

8 

107 

2.4 

17 

83 

2.7 

-4 

83 

1.8 

-45 

0.94 

11 

105 

2.5 

21 

81 

2.8 

-1 

82 

2.0 

-40 

O.no 

14 

104 

2.6 

24 

80 

2.9 

2 

81 

2.? 

-34 

1.04 

17 

102 

2.7 

28 

79 

3.0 

5 

80 

2.4 

-29 

1.09 

20 

100 

2.8 

31 

79 

3.1 

7 

80 

2.6 

-24 

1.14 

22 

99 

2.9 

35 

78 

3.2 

10 

79 

2.8 

-19 

1.19 

25 

97 

3.0 

38 

77 

3.3 

13 

78 

3.0 

-14 

1.24 

28 

96 

3.1 

42 

76 

3.4 

16 

77 

3.2 

-9 

1.29 

31 

95 

3.2 

45 

75 

3.5 

19 

77 

3.4 

-4 

1.34 

34 

94 

3.3 

49 

74 

3.6 

21 

76 

3.6 

1 

1.39 

36 

93 

3.4 

52 

73 

3.7 

24 

73 

3.8 

6 

1.44 

39 

91 

3.5 

56 

73 

3.8 

27 

74 

4.0 

11 

1.49 

42 

90 

3.6 

59 

72 

3.9 

30 

74 

4.2 

17 

1.54 

45 

89 

3.7 

63 

72 

4.0 

33 

73 

4.4 

22 

1.59 

48 

89 

3.8 

66 

71 

4.! 

36 

72 

4.6 

27 

1.64 

30 

88 

3.9 

70 

70 

4.2 

38 

72 

4.8 

32 

1.69 

53 

87 

4.0 

73 

70 

4.3 

41 

72 

S.O 

37 

1.74 

56 

86 

4.1 

77 

69 

4.4 

44 

71 

S.2 

42 

1.79 

59 

85 

4.2 

80 

69 

4.5 

47 

70 

S.4 

47 

1.84 

61 

84 

4.3 

83 

69 

4.6 

50 

70 

S.6 

52 

1.89 

64 

83 

4.4 

87 

68 

4.7 

52 

69 









4.8 

55 

69 

Note 

Charge, 
by 100. 

in electrons, 
For radii of 

and radius, 
H, see Table 

in A, 
10-7. 

aboTC are Multiplied 
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Table 1(>>2 (continued, 3) 


P 


s 

ch 

r 

1.8 

-41 

130 

1.9 

-38 

127 

2.0 

-35 

125 

2.1 

-33 

123 

2.2 

-30 

121 

2.3 

-27 

119 

2.4 

-25 

118 

2.5 

-22 

116 

2.6 

-19 

115 

2.7 

-17 

113 

2.8 

-14 

112 

2.9 

-12 

111 

3.0 

-9 

109 

3.2 

-4 

107 

3.4 

2 

105 

3.6 

7 

103 

3.8 

12 

101 

4.0 

17 

100 

4.2 

23 

98 

4.4 

28 

97 

4.6 

33 

95 

4.8 

38 

94 

5.0 

44 

93 

3.2 

49 

91 


S 


S 

ch 

f 

1.0 

-74 

163 

1.2 

-69 

154 

1.4 

-64 

146 

1.6 

-60 

139 

1.8 

-35 

134 

2.0 

-50 

129 

2.2 

-45 

125 

2.4 

-41 

122 

2.6 

-36 

119 

2.8 

-31 

116 

3.0 

-26 

113 

3.2 

-22 

111 

3.4 

-17 

109 

3.6 

-12 

107 

3.8 

-7 

104 

4,0 

-3 

103 

4.2 

2 

101 

4.4 

7 

100 

4.6 

12 

98 

4.8 

16 

97 

5.0 

21 

95 

S.2 

26 

94 

5.4 

31 

93 

5.6 

35 

92 



Cl 


S 

ch 

r 

1.1 

-83 

154 

1.3 

-79 

163 

1.5 

-74 

147 

1.7 

-70 

141 

1.9 

-66 

136 

2.1 

-61 

132 

2.3 

-57 

128 

2.5 

-53 

124 

2.7 

-48 

121 

2.9 

-44 

118 

3.1 

-40 

115 

3.3 

-35 

113 

3.3 

-31 

111 

3.7 

-27 

109 

3.9 

-22 

107 

4.1 

-18 

105 

4.3 

-14 

104 

4.5 

-9 

102 

4.7 

-5 

101 

4.9 

0 

99 

5.1 

4 

98 

5.3 

8 

97 

5.5 

12 

96 

5.7 

17 

94 


K 



S 

Ch 

r 

1 

.05 

31 

172 

1 

.10 

35 

170 

1 

.13 

38 

167 

1 

.20 

41 

165 

1 

.23 

44 

162 

1 

.30 

48 

160 

1 

.35 

51 

158 

1, 

.40 

54 

156 

1, 

.45 

57 

155 

1, 

.50 

60 

153 

1, 

.55 

64 

151 

1, 

.60 

67 

150 

1. 

.65 

70 

148 

1. 

.70 

73 

147 

1. 

,75 

76 

145 

1. 

.80 

80 

144 

1. 

85 

83 

143 

1. 

90 

86 

141 

1. 

95 

89 

140 

2. 

00 

93 

139 

2. 

05 

96 

138 

2. 

10 

99 

137 


139 



Tftblc 1&*2 (coatiaued, 2) 



Ka 



Mg 



A1 



Si 


s 

ch 

r 

S 

ch 

r 

S 

ch 

r 

S 

ch 

r 

1,40 

40 

122 

2.0 

17 

113 

2.5 

19 

109 

1.8 

-24 

126 

1.45 

43 

121 

2.1 

20 

111 

2.6 

22 

107 

1,9 

-21 

123 

1.50 

46 

119 

2.2 

24 

109 

2.7 

26 

106 

2.0 

-18 

121 

1.55 

49 

118 

2.3 

28 

107 

2.« 

29 

104 

2.1 

-15 

119 

1.60 

52 

117 

2.4 

32 

106 

2.9 

32 

103 

2.2 

-12 

117 

1.65 

55 

116 

2.5 

35 

104 

3.0 

36 

102 

2,3 

-9 

116 

1,70 

57 

115 

2.6 

39 

103 

3.1 

39 

101 

2.4 

-6 

114 

1.75 

60 

113 

2,7 

43 

102 

3.2 

42 

100 

2.5 

-3 

112 

1.80 

63 

112 

2.8 

47 

101 

3.3 

46 

99 

2.6 

0 

111 

1.85 

66 

111 

2.9 

50 

100 

3.4 

49 

98 

2.8 

5 

108 

1.90 

69 

110 

3.0 

54 

98 

3.5 

53 

97 

3.0 

11 

106 

1.95 

72 

109 

3.1 

58 

97 

3.6 

56 

96 

3.2 

17 

104 

2.00 

75 

109 

3.2 

62 

96 

3,7 

59 

95 

3.4 

23 

102 

2.05 

78 

108 

3 ..3 

65 

95 

3.8 

63 

94 

3.6 

29 

100 

2.10 

80 

107 

3.4 

69 

94 

3.9 

66 

94 

3.8 

35 

98 

2.15 

83 

106 

3.5 

73 

94 

4.0 

69 

93 

4.0 

40 

96 

2,20 

86 

105 

3.6 

77 

93 

4.1 

73 

92 

4.2 

46 

95 

2.25 

89 

104 

3,7 

80 

92 

4.2 

76 

91 

4.4 

52 

93 

2.30 

92 

104 

3.8 

84 

91 

4.3 

80 

90 

4.6 

58 

92 

2.35 

95 

103 

3.9 

88 

90 

4,4 

83 

90 

4.8 

64 

90 

2.40 

98 

102 

4.0 

92 

90 

4.5 

86 

89 

5.0 

70 

89 
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Table lCV-2 (continued, 5) 



Ab 


s 

ch 

r 

3.5 

-10 

123 

3.6 

-8 

122 

3.7 

-5 

121 

3.8 

-3 

120 

3.9 

0 

119 

4.0 

3 

118 

4.1 

5 

117 

4.2 

8 

116 

4.3 

10 

115 

4.4 

12 

114 

4.5 

15 

113 

4.6 

17 

112 

4.7 

20 

111 

4.8 

22 

110 

4.9 

25 

110 

3.0 

27 

109 

5.1 

29 

108 

5.2 

32 

108 

5.3 

34 

107 

5.4 

37 

107 

5.5 

39 

106 

5.6 

42 

106 



Se 


S 

ch 

r 

3.5 

-17 

124 

3.6 

-15 

123 

3.7 

-13 

122 

3.8 

-10 

121 

3.9 

-a 

120 

4.0 


118 

4.1 

-3 

117 

4.2 

-1 

117 

4.3 

1 

116 

4.4 

3 

115 

4.5 

6 

114 

4.6 

8 

113 

4.7 

10 

112 

4.8 

13 

112 

4.9 

15 

111 

5.0 

17 

110 

5.1 

20 

109 

5.2 

22 

109 

5.3 

24 

108 

5.4 

27 

107 

5.5 

29 

107 

5.6 

31 

106 



Br 


S 

ch 

r 

1.4 

-71 

169 

1.6 

-66 

161 

1.8 

-62 

155 

2.0 

-57 

150 

2.2 

-53 

145 

2.4 

-48 

141 

2.6 

-44 

137 

2.8 

-39 

134 

3.0 

-35 

131 

3.2 

-30 

128 

3.4 

-26 

125 

3.6 

-21 

123 

3.8 

-16 

121 

4.0 

-12 

119 

4.2 

-7 

117 

4.4 

-3 

115 

4.6 

2 

113 

4.8 

6 

112 

5.0 

11 

110 

5.2 

15 

109 

5.4 

20 

107 

5.6 

24 

106 



Rb 


S 

ch 

r 

0.95 

28 

194 

1.00 

31 

190 

1.05 

34 

187 

1.10 

38 

184 

1.15 

41 

182 

1.20 

44 

179 

1.25 

48 

177 

1.30 

51 

174 

1.35 

54 

172 

1.40 

57 

170 

1.45 

61 

168 

1.50 

64 

166 

1.55 

67 

165 

1.60 

71 

163 

1.65 

74 

161 

1.70 

77 

159 

1.75 

81 

158 

1.80 

84 

157 

1.85 

87 

155 

1.90 

90 

154 

1.95 

94 

152 

2.00 

97 

ISl 
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Table 10>2 Ccoatiflued, 4) 


Ca 

S ch r 
2,40 50 132 
2.45 52 131 
2.50 54 130 
2.55 56 129 
2.60 58 128 
2.65 60 127 

2.70 62 127 
2.75 64 126 

2.80 67 125 
2.85 69 124 

2.90 71 124 
2.95 73 123 

3.00 75 122 

3.05 77 122 
3.10 79 121 
3.13 81 120 

3.20 83 119 
3.25 85 119 
3.30 88 118 
3.33 90 118 
3.40 92 117 
3.45 94 117 
3.50 96 116 


Zn 

S eh r 

2.8 -1 132 

2.9 2 130 

3.0 5 129 

3.1 7 127 

3.2 10 126 

3.3 13 125 

3.4 16 123 

3.5 19 122 

3.6 22 121 

3.7 24 120 

3.8 27 219 

3.9 30 118 

4.0 33 m 

4.1 36 116 

4.2 39 U5 

4.3 41 114 

4.4 44 113 

4.5 47 112 

4.6 SO U2 

4.7 53 111 

4.8 56 110 

4.9 58 109 

5.0 61 109 


Ga 

S ch r 

2.8 -11 132 

2.9 -9 131 

3.0 -6 129 

3.1 -3 128 

3.2 O 126 

3.3 2 125 

3.4 5 124 

3.5 7 123 

3.6 10 121 

3.7 12 120 

3.8 15 119 

3.9 18 118 

4.0 20 117 

4.1 23 116 

4.2 26 115 

4.3 28 114 

4.4 31 114 

4.5 34 113 

4.6 36 112 

4.7 39 111 

4.8 42 111 

4.9 44 110 

5.0 47 109 


Ge 

S ch r 

3.0 -15 130 

3.1 -12 128 

3.2 -10 127 

3.3 -7 126 

3.4 -5 124 

3.5 -2 123 

3.6 0 122 

3.7 3 121 

3.8 5 120 

3.9 8 119 

4.0 10 128 

4.1 13 117 

4.2 15 116 

4.3 18 115 

4.4 21 114 

4.5 23 113 

4.6 26 112 

4.7 28 112 

4.8 31 111 

4.9 33 110 

5.0 36 109 

5.1 38 109 

5.2 41 108 
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Table 10-2 (continued, 7) 



Sb 



Tc 



I 



Ca 


s 

ch 

r 

S 

ch 

r 

S 

ch 

r 

S 

ch 

r 

2.4 

-25 

154 

1.0 

—66 

207 

1.2 

-65 

196 

0.80 

21 

226 

2.6 

-20 

150 

1.2 

-61 

195 

1.4 

-60 

186 

0.85 

25 

222 

2.8 

-15 

146 

1.4 

-56 

185 

1.6 

-55 

178 

0.90 

28 

217 

3.0 

-10 

143 

1.6 

-51 

177 

1.8 

-50 

171 

0.95 

32 

214 

3.2 

-4 

140 

1.8 

-46 

170 

2.0 

-45 

165 

uoo 

35 

210 

3.4 

0 

137 

2.0 

-41 

165 

2.2 

-40 

160 

1.05 

38 

206 

3.5 

3 

136 

2.2 

-36 

160 

2.4 

-35 

156 

1.10 

42 

203 

3.6 

6 

134 

2.4 

-31 

155 

2.6 

-30 

152 

1.15 

45 

200 

3.7 

9 

133 

2.6 

-26 

151 

2.8 

-26 

148 

1.20 

49 

197 

3.8 

11 

132 

2.8 

-21 

147 

3.0 

-21 

144 

1.25 

52 

195 

3.7 

14 

131 

3.0 

-16 

144 

3.2 

-16 

141 

1.30 

56 

192 

4.0 

16 

130 

3.2 

-11 

141 

3.4 

-11 

139 

1.35 

59 

190 

4.1 

19 

129 

3.4 

-6 

138 

3.6 

-6 

136 

1.40 

62 

188 

4.2 

22 

128 

3.6 

0 

135 

3.8 

0 

134 

1.45 

66 

185 

4,3 

24 

127 

3.8 

5 

133 

4.0 

4 

131 

1.50 

69 

183 

4.4 

27 

126 

4.0 

10 

131 

4.2 

9 

129 

1.55 

73 

181 

4.5 

30 

125 

4.2 

15 

129 

4.4 

14 

127 

1.60 

76 

179 

4.6 

32 

124 

4,4 

20 

126 

4.6 

19 

125 

1.65 

80 

178 

4.7 

35 

123 

4.6 

25 

125 

4.8 

24 

123 

1.70 

83 

176 

4.8 

37 

122 

4.8 

30 

123 

5.0 

28 

122 

1,75 

87 

174 

4.9 

40 

121 

5.0 

35 

121 

5.2 

33 

120 

1.80 

90 

173 

5.0 

43 

121 

5.2 

40 

120 

5.4 

38 

119 

1,85 

93 

171 

5.1 

45 

120 

5.4 

45 

118 

5.6 

43 

117 

1.90 

97 

170 

5.2 

48 

119 

5.6 

50 

117 




1.95 : 

ICO 

168 
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l^le 10-2 (continued, 6) 


Sr 

S ch r 

1.6 22 164 

1.7 26 161 

1.8 31 158 

1.9 35 155 

2.0 40 152 

2.1 44 150 

2.2 49 147 

2.3 53 145 

2.4 57 143 

2.5 62 141 

2.6 66 139 

2.7 71 138 

2.8 75 136 

2.9 79 134 

3.0 84 133 

3.1 88 131 

3.2 93 130 

3.3 97 129 

3.4 101 127 

3.5 106 126 

3.6 110 125 


Cd 

S ch r 

2.6 0 148 

2.7 3 146 

2.8 6 144 

2.9 9 143 

3.0 12 141 

3.1 15 139 

3.2 18 138 

3.3 21 137 

3.4 24 135 

3.5 27 134 

3.6 30 133 

3.7 33 131 

3.8 36 130 

3.9 39 129 

4.0 42 128 

4.2 45 126 

4.4 48 124 

4.6 51 122 

4.8 54 121 

3.0 57 119 

3.2 60 117 


In 

S Ch r 

2.8 -2 145 

2.9 1 143 

3.0 4 142 

3.1 7 140 

3.2 10 139 

3.3 13 137 

3.4 IS 136 

3.5 18 135 

3.6 21 133 

3.7 24 132 

3.8 27 131 

3.9 30 130 

4.0 32 129 

4.1 35 128 

4.2 38 127 

4.4 44 125 

4.6 49 123 

4.8 55 121 

5.0 61 120 

5.2 67 118 

5.4 72 116 


Sn 

S ch r 

3.1 O 141 

3.2 3 139 

3.3 5 138 

3.4 8 136 

3.5 11 135 

3.6 14 134 

3.7 16 133 

3.8 19 132 

3.9 22 130 

4.0 25 129 

4.1 27 128 

4.2 30 127 

4.3 33 126 

4.4 35 125 

4.5 38 124 

4.6 41 123 

4.7 44 123 

4.8 46 122 

4.9 49 121 

5.0 52 120 

5.1 55 119 
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Table 10>3 


CaCRS P(» RBreESENTIKG BLECTOONEGMIVUT AND PARTIAL CHARGE 


Mtctronegntlvitr 

Partial Charge 

Color 

Ho. Color 

Approxinate Mix, Dry 





Tempera, by Volume 

0.49 - 0.69 

0.60 or higher 

12P 

red 

R (red) 

0.70 - 0.90 

O.SO - 0.S9 

IIP 

orange -red 

2-0/5R 

0.91 - 1.11 

0.43 - 0.49 

lOP 


3-0/4R 

1.12 - 1.32 

0,36 - 0.42 

9P 

red-orange 

2-0/lR 

1.23 - 1.53 

0,30 - 0,359 

8P 


6-0/lR 

1.54 - 1.74 

0,25 - 0.299 

7P 

orange 

0 (orange) 

1.75 - 1,95 

0.20 - 0.249 

6P 


lY/5-0 

1.96 . 2.16 

0.15 - 0.199 

5P 

yellow-orange lY/1-0 

3.17 - 2.37 

0.10 - 0.149 

4P 


2T/1-0 

2.38 - 2.58 

0.07 - 0.099 

3P 

orange-yellow 4T/1-0 

2.59 . 2.79 

0.04 - 0.069 

2P 


6Y/1-0 

2.80 . 3.00 

O.Oe • 0.039 

IP 


24Y/1-0 

3.01 . 3.71 

0 to i 0.019 

0 

yellow 

T (yellow) 

2-22 - 3.42 

-0.02 to -0.039 

IN 

greenish yellow 24T/1G 

2'*3 - 3.63 

-0.04 to -0.069 

2N 


13T/1G 

2'84 - 3.84 

-0.07 to -0.099 

3N 


6Y/1G 

2-85 - 4.05 

-0.10 to -0.149 

4N 

yellow-green 

5T/2G 

^•08 - 4.26 

-0.15 to -0.199 

5N 


4Y/3G 

<•27 - 4.47 

-0.20 to -0.249 

6N 


3Y/4G 

<•48 - 4.68 

-0.25 to -0.299 

7H 

green 

G (green) 

’•5’ - 4.89 

-0.30 to -0.359 

8N 


5G/1B 

<•’0 - 5.10 

•0,36 to -0,429 

9N 

hloe -green 

5G/2B 

’•'1 -5.31 

-0,43 to -0.499 

ICN 


4G/3B 

2-22 - 5.52 

-0.50 to -0,599 

IIN 


3G/5B 

2-52-5.75 

-0.60 or higher 

12N 

blue 

B (blue) 
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Table 10-2 (coBtlAued, 8) 


Ba 

S ch r 

1.0 0 211 

1.1 4 204 

1.2 8 198 

1.3 13 193 

1.4 17 188 

1.5 22 184 

1.6 26 180 

1.7 31 177 

1.8 36 173 

1.9 40 170 

2.0 43 167 

2.1 49 163 

2.2 34 162 

2.3 38 160 

2.4 63 137 

2.5 68 135 

2.6 72 153 

2.7 77 151 

2.8 81 149 

2.9 86 148 

3.0 90 146 

3.1 93 144 

3.2 100 143 


H| 

S ch r 

3.0 2 148 

3.1 5 146 

3.2 8 143 

3.3 10 143 

3.4 13 142 

3.3 16 141 

3.6 19 139 

3.7 21 138 

3.8 24 137 

3.9 27 136 

4.0 30 133 

4.1 33 134 

4.2 33 132 

4.3 38 131 

4.4 41 130 

4.3 44 139 

4.6 47 128 

4.7 49 128 

4.8 52 127 

4.9 53 126 

5.0 58 123 

5.1 61 124 

5.2 63 123 


T1 

S eh r 

3.0 O 148 

3.1 2 146 

3.2 5 145 

3.3 8 143 

3.4 10 142 

3.5 13 141 

3.6 16 139 

3.7 19 138 

3.8 21 137 

3.9 24 136 

4.0 27 133 

4.1 30 134 

4.2 32 132 

4.3 33 131 

4.4 38 130 

4.5 41 129 

4.6 43 128 

4.7 46 128 

4.8 49 127 

4.9 51 126 

5.0 54 123 

5.1 57 124 

5.2 60 123 


Pb 

S ch r 

3.1 1 146 

3.2 3 145 

3.3 6 143 

3.4 9 142 

3.5 11 141 

3.6 14 139 

3.7 17 138 

3.8 19 137 

3.9 22 136 

4.0 25 135 

4.1 28 134 

4.2 30 132 

4.3 33 131 

4.4 36 130 

4.5 38 129 

4.6 41 128 

4.7 44 128 

4.8 47 127 

4.9 49 126 

5.0 52 125 

5.1 55 124 

5.2 57 123 


61 

S ch r 

3.2 1 145 

3.3 4 143 

3.4 6 142 

3.5 9 141 

3.6 12 139 

3.7 14 138 

3.8 17 137 

3.9 20 136 

4.0 22 133 

4.1 23 134 

4.2 28 132 

4.3 30 131 

4.4 33 130 

4.3 36 129 

4.6 39 128 

4.7 41 128 

4.8 44 127 

4.9 47 126 

5.0 49 123 

3.1 52 124 

5.2 53 123 
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Table 10-5 


DATA FOR CONSTRUCTION OF ATOMIC mOELS 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
U 
12 
13 
U 

15 

16 
1? 
la 
19 


-ement 


S 

dlaaeter. Inches: 

color 




email 

medium 

large 


H 

0.37 

3.55 

0.22 

i.n 

2.2 

2N 

He 

0.93 


0.56 

2.79 

5.6 

blade 

U 

1.34 

0.73 

0.80 

4.02 

a.o 

11? 

Be 

0.90 

2.24 

0.54 

2.70 

5.4 

4P 

B 

0.82 

2.84 

0.50 

2.46 

5.0 

IP 

C 

0.77 

3.79 

0.46 

2.31 

4.6 

3H 

N 

0.75 

4.49 

0.45 

2.25 

4.5 

7N 

0 

0.73 

5.21 

o.u 

2.19 

4.4 

ICN 

F 

0.72 

5.75 

0.43 

2.16 

4.3 

12N 

Ne 

1.31 


0.79 

3.93 

7.9 

black 

Ka 

1.54 

0.70 

0.92 

4.62 

9.2 

12P 

«g 

1.30 

1.79 

0.78 

3.90 

7.8 

6P 

A1 

1.18 

2.18 

0,71 

3.54 

7.1 

4P 

81 

1,11 

2.62 

0.67 

3.33 

6.7 

2P 

P 

1.06 

3.34 

0.64 

3.18 

6.4 

IN 

S 

1.02 

4.11 

0.61 

3.06 

6.1 

5N 

Cl 

0.99 

4.93 

0.60 

2.97 

6.0 

9N 

Ar 

1.74 


1.04 

5.22 

10.4 

black 

K 

1.96 

0.50 

1.19 

5.88 

U.9 

lOP 

Ca 

1.74 

1.10 

1.04 

5.22 

10.4 

lOP 

Sc 

1.44 

1.88 

0.86 

4.32 

6.6 

6P 

Ti 

1.36 

2.27 

0.62 

4.08 

8.2 

4P 


ih 

Pe 

Co 

Kl 

Cu 

Zn 

Ga 

Ce 


1.38 

2.43 

0.83 

4.14 

0.3 

3P 

1 

1.31 

2.84 

0.79 

3.93 

7.9 

IP 

2 

1.26 

3.23 

0.76 

3.78 

7.6 

0-lN 

3 

1.22 

3.59 

0.73 

3.66 

7.3 

2N 

4 


vBcenciea 


1 

0 

7 

6 

5 
k 
3 
2 
1 
0 
7 

6 

5 
U 

3 
2 
1 
0 
7 

6 
6 
6 
& 
7 
6 
6 
6 
6 
7 
& 
5 

4 


d 

electrons 


2 

3 

5 

5 

6 

7 

8 
10 
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Table ICM 


EKFIRICAI. (GOLDSCHMIDT) lOKIC RADII 
(Aagstrctt units) 


LI* 

0.78 

Al*** 

0,37 

Fe** 

0.83 

Sr** 

1.27 

Cs* 

1.65 

Be** 

0,34 

S* 

1.74 

F«***0.67 


1.13 

Ba** 

1.43 

o' 

(1.4) 

Cl" 

1.81 

2n** 

0.83 

Cd** 

1.03 

Hg** 

1.12 

p" 

(1.4) 

r* 

1,33 

Se" 

1.91 

In***0.92 

Tl* 

1.49 

Na* 

0.98 

Ca** 

1.06 

Be" 

1.96 



Fb** 

1.32 

Kg** 

’ 0,78 

5c*** 

0.83 

Rb* 

1.49 
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Table 1&-5 (continued) 


dlaneter, Incheet color electrons vacancies 
omAil etedium large 


33 

As 

1.19 3.91 

0.72 

3.57 

7.2 

4N 

5 

3 


34 

5e 

1.16 4.25 

0.70 

3.48 

7.0 

5-6N 

6 

2 


35 

Br 

1.14 4.53 

0.68 

3.42 

6.8 

7N 

7 

1 


36 

It 

1.89 

1.13 

5.67 

11.3 

black 

8 

0 


37 

Rb 

2.11 0.49 

1.27 

6.33 

12.7 

12P 

1 

7 


38 

Sr 

1,92 0,99 

1.25 

5.76 

11.5 

lOP 

2 

6 


39 

1 

1.62 1.75 

0.97 

4.86 

9-7 

6-7P 

2 

6 

1 

40 

Zr 

1.46 2.26 

0.83 

4.U 

e.e 

4P 

2 

6 

2 

U 

Kb 






2 

6 

3 

42 

Ko 






1 

7 

5 

43 

Tc 






2 

6 

5 

U 

Ru 






1 

7 

7 

45 

Eh 






1 

7 

8 

46 

Pd 






0 

8 

10 

47 

*« 

1.53 2.30 

0.92 

4.59 

9.2 

4P 

1 

7 

10 

46 

Cd 

1.48 2.59 

0.89 

4.U 

8.9 

2-3P 

2 

6 


49 

In 

1.44 2.86 

0.66 

4.32 

8.6 

IP 

3 

5 


50 

Sn 

1.41 3.10 

0.65 

4.23 

8.5 

0 

4 

4 


51 

Sb 

1.36 3.37 

0.83 

4.U 

8.3 

IK 

5 

3 


52 

Te 

1.35 3.62 

0.81 

4.05 

8.1 

2-3N 

6 

2 


53 

1 

1.33 3.84 

0.80 

3.99 

8.0 

3-4M 

7 

1 


54 

Ze 

2.09 

1.25 

6.27 

12.5 

black 

8 

0 


55 

Cs 

2.25 O.U 

1.35 

6.75 

13.5 

12P 

1 

7 


56 

Ba 

1.98 0.90 

1.19 

5.94 

U.9 

HP 

2 

6 


57 

U 

1.69 1.92 

1.01 

5.07 

10.1 

6P 

2 

6 

1 

58 

Ce 





(6P) 

2 

6 


59 

Pr 





(6P) 

2 

6 


60 

Nd 





(6P) 

2 

6 


61 

Fb 





(6?) 

2 

6 
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Table 10-5 (eoctinued, 2) 


No« Eleitent 

r,A 

S 

dianeter, inches: 

color 

electrons 

Tacaecles 

d 





saall Bedlun large 




electrons 

68 

Er 





(4P> 

2 

6 


69 

Tta 





<4P) 

2 

6 


70 

7b 





(4P) 

2 

6 


71 

Lu 





<4P) 

2 

6 

1 

72 

Hf 





(4P> 

2 

6 

2 

73 

Ta 





(3P) 

2 

6 

3 

74 

W 





(3P) 

2 

6 

4 

75 

Re 





<3P) 

2 

6 

5 

76 

09 





(2P> 

2 

6 

6 

77 

Ir 





<2P> 

2 

6 

7 

78 

Et 





(2P) 

1 

7 

9 

79 

Au 

1.50 

2.88 

0.90 4.50 

9.0 

IP 

1 

7 

10 

80 

Hg 

1.49 

2.93 

0.89 4.47 

8.9 

IP 

2 

6 


81 

n 

1.48 

3.02 

0.89 4.44 

8.9 

0 

3 

5 


82 

Pb 

1.47 

3.08 

0.88 4.41 

8.8 

0 

4 

4 


83 

6i 

1.46 

3.16 

0.88 4.38 

8.8 

0 

5 

3 


84 

Pe 



<0.87X4.3) 

<8.7) 

(0) 

6 

2 


85 

At 



<0.87)(4.3) 

<8.7) 

<1M) 

7 

1 


86 

Rn 

2.14 


1.28 6.4 

12.8 

black 

8 

0 


87 

Fr 






1 

7 


88 

Ra 






2 

6 


89 

Ac 






2 

6 

1 

90 

Th 






2 

6 

2 

91 

Pa 






2 

6 

1 

92 

U 






2 

6 

1 

93 

Np 






2 

6 

1 

94 

Pti 






2 

6 

1 

93 

As 






2 

6 

0 

96 

Qa 






2 

6 

1 

97 

Bk 






2 

6 

1 

98 

Cf 






2 

6 

1 

99 

U 






2 

6 

1 

ICO 

fn 






2 

6 

1 

Id 

Mv 






2 

6 

1 

102 

Mo 






2 

6 

1 


U9 



Tible 10*8 (centlnued) 


formic 

5 revive, 

E 

dluKtet 
A ccull 

X B X 

, inebea 
■CdlUB 

E X 

IcTfe 

B X 

lOOx 
cbiTfe 
£ X 

eelor 

E X 

type 

usgl 

92 GeH 4 

3.SS8 

1.23 

0,74 

0.22 

3.7 

1.1 

7.4 

2.2 

-1 

0 

0 

0 

D 


93 Si)H4 

3.455 

1.36 

0,82 

0.22 

4.1 

l.i 

8.2 

2.2 

10 

-2 

4P 

IK 

D 


94 PbH 4 

3.450 

1.41 

0.84 

0.22 

4.2 

1.1 

8.4 

2.2 

10 

-3 

4P 

IN 

0 


9S KHj 

3.764 

0 . 8 Q 

0.48 

0.21 

2.4 

1.0 

4.8 

2.1 

-17 

6 

5K 

2P 

D 

107 

96 NH 4 * 

4.516 

0.75 

0.45 

0.15 

2.3 

0.8 

4.5 

1,5 

1 

25 

0 

69 

D 


97 Wa' 

2.490 

0.91 

0.54 

0.27 

2.7 

1.4 

5.4 

2.7 

“45 

-27 

ICM 

7N 

D 


98 NaH4 

3.839 

0.74 

0.50 

0.20 

2.5 

1.0 

5.0 

2.0 

-15 

7 

4N 

3P 

F 


99 W, 

3.496 

1.04 

0.62 

0.22 

3.1 

1.1 

6.2 

2.2 

4 

-1 

2 P 

0 

D 


100 l’aH4 

3.479 

1.04 

0.62 

0.22 

3.1 

1.1 

6.2 

2.2 

4 

-2 

29 

IN 

P 


101 AsHa 

3.637 

1.22 

0.73 

0.22 

3.7 

1.1 

7.3 

2.2 

-7 

2 

3N 

IP 

D 

102 

102 SbH, 

3.504 

1.36 

0,82 

0.22 

4.1 

1.1 

8.2 

2.2 

4 

-1 

29 

0 

D 


103 BlKa 

3.448 

1.42 

O.ftS 

0.22 

4.3 

1.1 

8.5 

2.2 

7 

-3 

39 

IN 

0 


104 H}0 

4.C34 


0.80 0.20 

0.48 

1.0 

2.4 

2.0 

4.8 

12 

-25 

49 

7N 

0 

10 $ 

10 $ KjS 

3.728 


1.05 0.21 

0.63 

1.0 

3.2 

2.1 

6.3 

5 

-9 

2? 

3N 

D 

92 

106 HiS« 

3,770 


1.21 0.21 

0.73 

1.0 

3.6 

2.1 

7.3 

6 

-11 

29 

4K 

0 

91 

107 HaTc 

3.573 


1.36 0.22 

0.82 

1.1 

4.1 

2.2 

8.2 

1 

-1 

0 

0 

0 


108 HP 

4.519 


0.78 0,17 

0.50 

0.8 

2.5 

1.6 

5.0 

25 

-25 

6P 

6 N 

A 


109 PMP" 

3.378 


0.86 0.22 

0.52 

1.1 

2.6 

2.2 

5.2 

-48 

-4 

lOH 

2N 

B 


110 HCl 

4.183 


1,05 0,18 

0.63 

0.9 

3.2 

1.8 

6.3 

16 

-16 

5? 

SN 

A 


111 HBr 

4.010 


1.19 0.18 

0.72 

0.9 

3.6 

1.8 

7.2 

12 

-12 

4P 

4N 

A 


112 HI 

3.692 


1.35 0.20 

0.81 

1.0 

4.1 

2.0 

8.1 

4 

>4 

IP 

IN 

A 


113 Z 11 K 2 

3.295 

1.25 

0.75 

0.21 

3.8 

1.0 

7.6 

2.1 

13 

-6 

4P 

2N 

8 


114 CdKj 

3.196 

1.38 

0.83 

0.23 

4.1 

1.2 

8.2 

2.3 

18 

-9 

SP 

3N 

B 


115 HbK, 

3.330 

1.43 

0.86 

0.21 

4.3 

1.0 

8.6 

2.1 

11 

-6 

4? 

2N 

B 
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Table 10-9 


BINARY FLUC«INB COMPOUNDS: DATA FOR MODEL CONSIRUCTION 


dlaneter. Inches IOQk 

foraula S radloa, A Bfflill iseditm lar^e charge color type angle 
B XEX B XEXBXBX 


116 HP 

4.519 

0.79 

0.15 

0.47 

0.8 

2.4 

1.5 

4,7 

25 

-25 

7P 

7N 

A 

117 LIF 

2.063 0.73 

1.03 

0.44 

0.62 

2.2 

3.1 

4.4 

6.2 

74 

-74 

12P 12N 

A 

118 NaF 

2.007 1.04 

1.04 

0.62 

0.62 

3.1 

3.1 

6.2 

6.2 

75 

-75 

12P 12N 

A 

119 IF 

1.795 1.43 

1.08 

0.86 

0.65 

4.3 

3.2 

8.6 

6.5 

79 

-79 

12P 12N 

A 

120 RbF 

1.746 1.57 

1.09 

0.94 

0.65 

4.7. 

3.3 

9.4 

6.5 

80 

-80 12P 12N 

A 

121 CaF 

1.679 1.76 

1.10 

1.06 

0.66 

5.3 

3.3 

10.6 

6.6 

82 

-82 

12P 12N 

A 

122 BePj 

3.982 0.70 

0.81 

0.42 

0.48 

2.1 

2.4 

4.2 

4.8 

71 

-35 

12P 

8K 

B 

123 MgP, 

3.723 0.92 

0.83 

0.55 

0.50 

2.8 

2.5 

5.5 

5,0 

81 

-41 

12P 

9N 

B 

124 CaF, 

3.430 1.16 

0.86 

0.70 0.52 

3.5 

2.6 

7,0 

5.2 

93 

mAt 12P ICN 

B 

123 StP, 

3.314 1.29 

0.87 

0.78 

0.52 

3.9 

2.6 

7.8 

5.2 

98 

-49 

12P ICM 

B 

126 BaP, 

3.231 1.42 

0,87 

0.85 

0.52 

4.3 

2.6 

8.5 

5.2 

101 

-51 

12P IIN 

B 

127 BP, 

4.821 0.69 

0.76 

0.42 

0.46 

2.1 

2.3 

4.2 

4.6 

56 

-19 

IIP 

5N 

C 

128 BP," 

4.079 0,73 

0.81 

0.44 

0.49 

2.2 

2.4 

4.4 

4.9 

35 

-34 

8P 

8N 

0 

129 B,F^ 

4.545 0,70 

0,78 

0.42 

0.47 

2.1 

2.3 

4.2 

4.7 

48 

-24 

lOP 

6N 

F 

130 AlP, 

4.382 0.87 

0,79 

0.52 

0.47 

2.6 

2.4 

5.2 

4.7 

82 

-27 

12P 

7H 

B 

131 Gap, 

4.979 1.09 

0.76 

0.65 

0.46 

3.3 

2.3 

6.5 

4.6 

47 

-16 

lOP 

5N 

E 

132 InP, 

4,830 1.21 

0.77 

0,73 

0.46 

3.6 

2.3 

7.3 

4.6 

55 

-18 

IIP 

5N 

fi 

133 TIP 

4.168 1.32 

0.80 

0.79 

0.47 

4.0 

2.4 

7.9 

4.7 

32 

-32 

8P 

SN 

A 

134 TIP, 

4.895 1.26 

0.76 

0.76 

0.46 

3.8 

2.3 

7.6 

4.6 

51 

-17 HP 

5N 

B 

135 CP* 

5.290 0.71 

0.74 

0.42 

0.44 

2.1 

2.2 

4.2 

4.4 

37 

-9 

9P 

3N 

D 

«s c.t. 

5.181 0.72 

0.74 

0.43 

0.44 

2.2 

2.2 

4.3 

4.4 

34 

-11 

8P 

4K 

F 

SiP, 

4.913 0.90 

0.76 

0.60 0.46 

3.0 

2.3 

6.0 

4.6 

68 

-17 

12P 

5N 

D 

si,p. 

4.725 0.91 

0.77 

0.54 

0.46 

2.7 

2.3 

5.4 

4.6 

62* 

-21 

12P 

6N 

P 

>« OtP, 

3.235 1.08 

0.74 

0.65 

0.44 

3.2 

2.2 

6.5 

4.4 

40 

-10 

9P 

4N 

D 

5aPj 

4.681 1.23 

0.77 

0.74 

0.46 

3.7 

2.3 

7.4 

4.6 

43 

-21 

lOP 

6N 

S 

*« Spp. 

3.081 1.19 

0.75 

0.72 

0.45 

3.6 

2.3 

7,2 

4.5 

52 

-13 

IIP 

4N 

0 

*<3 PbP. 

4.670 1.28 

0.78 

0,77 

0.46 

3.8 

2.3 

7.7 

4.6 

43 

-22 

lOP 

6N 

B 

JbP^ 

3.076 1.24 

0.75 

0.74 

0.45 

3.7 

2.3 

7.4 

4.5 

54 

-14 

IIP 

4N 

D 

lip. 

3.405 0.71 

0.74 

0.43 

0.44 

2.1 

2.2 

4.3 

4.4 

21 

-7 

6P 

2N 

D 
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nbie 10-8 {e«iitiiiue4> 


fonula 

5 radius, 

E 

diaaetet 
, A snail 

X £ X 

. inches 
aedlta 

E X 

large 

B X 

ICDx 

charge 

E X 

color 
£ X 

typ« 

angle 

92 G«H4 

3.558 

1.23 

0.74 

0.22 

3.7 

1.1 

7.4 

2.2 

-1 

0 

0 

0 

D 


93 S(iK 4 

3.455 

1.36 

0,82 

0.22 

4.1 

1.1 

8.2 

2.2 

10 

-2 

4P 

IN 

D 


94 PbHa 

3.450 

1.41 

0.84 

0.22 

4.2 

1.1 

8.4 

2.2 

10 

-3 

4P 

IN 

D 


95 KH, 

3.764 

0.80 

0.48 

0.21 

2.4 

1.0 

4.8 

2.1 

-17 

6 

SN 

2P 

D 

107 

96 NH4* 

4.516 

0.75 

0.45 

0.15 

2.3 

0.8 

4.S 

l.S 

1 

25 

0 

6P 

D 


97 HHj* 

2.490 

0.91 

0.54 

0,27 

2.7 

1.4 

5.4 

2.7 

-45 

-27 

ICN 

7N 

D 


98 N,H4 

3.839 

0.74 

0.50 

0.20 

2.5 

1.0 

5.0 

2.0 

-IS 

7 

4K 

3P 

F 


99 Ms 

3.496 

1.04 

0.62 

0.22 

3.1 

1.1 

6.2 

2.2 

4 

-1 

2P 

0 

D 


100 PjH 4 

3.479 

1.04 

0.62 

0.22 

3.1 

1.1 

6.2 

2.2 

4 

-2 

2P 

IN 

P 


101 AsH, 

3.637 

1.22 

0.73 

0.22 

3.7 

1.1 

7.3 

2.2 

-7 

2 

3N 

IP 

D 

102 

102 SbK, 

3.504 

1.36 

0.82 

0.22 

4.1 

1.1 

8.2 

2.2 

4 

-1 

2P 

0 

D 


103 BIH3 

3.448 

1.42 

0.85 

0,22 

4.3 

1*1 

8.S 

2.2 

7 

-3 

3P 

IN 

D 


104 H,0 

4.034 


0,80 0.20 

0.48 

1.0 

2*4 

2.0 

4.8 

12 

•25 

4P 

7N 

t 

IQS 

105 H3S 

3.728 


l.CS 0.21 

0.63 

1.0 

3.2 

2.1 

6.3 

5 

-9 

2P 

3N 

V 

92 

106 HjSe 

3.770 


1.21 0.21 

0.33 

1.0 

3.6 

2.1 

7.3 

6 

-11 

2P 

4N 

t> 

91 

107 Hjl* 

3.573 


1.36 0.22 

0.82 

1.1 

4.1 

2.2 

8.2 

1 

•1 

0 

0 

0 


108 HP 

4.519 


0.78 0.17 

0.50 

0.8 

2.5 

1.6 

5.0 

25 

-25 

6P 

6N 

A 


109 rMP’ 

3.378 


0.86 0.22 

0.52 

1.1 

2.6 

2.2 

5.2 

-48 


ION 

2N 

B 


110 HCl 

4.183 


1.05 0.18 

0.63 

0.9 

3.2 

1.8 

6.3 

16 

-16 

5P 

5N 

A 


111 KBr 

4.010 


1.19 0.18 

0,72 

0.9 

3.6 

1.8 

7.2 

12 

-12 

4P 

4N 

A 


112 HI 

3.692 


1.35 0.20 

0.81 

1.0 

4.1 

2.0 

8.1 

4 

-4 

IP 

IK 

A 


113 ZbH, 

3.295 

1.25 

0.75 

0.21 

3.8 

1.0 

7,6 

2.1 

13 

-6 

4P 

2N 

B 


114 OlHa 

3.196 

1.38 

0.83 

0.23 

4.1 

1.2 

8.2 

2.3 

18 

-9 

SP 

3N 

B 


115 HgHa 

3.330 

1.43 

0.86 

0.21 

4.3 

1.0 

8.6 

2.1 

11 

-6 

4P 

2N 

B 
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Table 10-10 


formula 

169 

HCl 

170 

UCl 

171 

NaCl 

172 

KCl 

173 

RbCl 

174 

CsCl 

175 

Bed, 

176 

MgCla 

177 

CaCi, 

178 

StCl, 

179 

BaCl, 

160 

BCla 

181 

BjCl* 

182 

B*Cl4 

183 

AljCl, 


185 

lOjCl, 

186 

TlCl 

187 

TlCla 

188 

CCl4 

189 

SiCl* 

190 

SlaCl, 

191 

G«C1^ 

192 

SnClj 

193 

SnCl, 

194 

PbCl, 

195 

*l>Cl4 

196 

KCl, 

197 

*^li 

198 



BINARY aOORINE COMPOUNDS: DATA FOR MODEL CONSIRUCTION 


dlaaeter, inches lOOx 

radius, A snail ttcdiun large charge color type angle 

E XEX EXEXEXBX 


4.183 


l.OiS 

0.18 

0.63 

0.9 

3.2 

1.8 

6.3 16 

-16 

5P 5N A 

1,910 

0.75 

1.40 

0.45 

0.84 

2.3 

4.2 

4.5 

8.4 65 

-65 

12 P 12N A 

1.858 

1.07 

1.42 

0.64 

0.86 

3.2 

4.3 

6.4 

8.6 67 

-67 

12P 12N A 

1.662 

1.47 

1.47 

0.88 

0.88 

4.4 

4.4 

8.8 

8.8 71 

-71 

12P 12N A 

1.619 

1.61 

1.48 

0.97 

0.89 

4.8 

4.4 

9.7 

8.9 72 

-72 

12P 12N A 

1.554 

1.80 

1.50 

1.08 

0.90 

5.4 

4.5 

10.8 

9.0 73 

-73 

12F 12N A 


3.593 

0.72 

1.10 

0.44 

0.66 

2.2 

3.3 

4.4 

6.6 58 

-29 

IIP 

7N 

B 

3.359 

0.95 

1.12 

0.58 

0.68 

2.9 

3.4 

5.8 

6.8 68 

-34 

12P 

8N 

B 

3.095 

1.21 

1.19 

0.72 

0.72 

3.6 

3.6 

7.2 

7,2 79 

-40 12P 

9N 

B 

2.990 

1.32 

1.17 

0.79 

0.71 

4.0 

3.5 

7,9 

7.1 84 

•42 

12P 

9K 

B 

2.916 

1.47 

1.18 

0.88 

0.71 

4.4 

3.S 

8,8 

7,1 87 

-44 

12? 

9N 

B 

4.294 

0.71 

1.04 

0.44 

0.62 

2.2 

3.1 

4.4 

6,2 41 

-14 

9P 

4N 

C 

4.102 

0.73 

i.os 

0.44 

0.63 

2.2 

3.2 

4.4 

6.3 36 

-18 

8P 

5N 

P 

3.741 

0.75 

1.09 

0,50 

0.60 

2.5 

3.0 

5.0 

6.0 26 

-26 

7P 

7N 

P 

3.9QS 

0.94 

1.07 

0.56 

0.64 

2.8 

3.2 

5.6 

6.4 67 

-22 

12P 

6N 

P 

4.435 

1.13 

1.03 

0.68 

0.62 

3.4 

3.1 

6.8 

6.2 32 

-11 

8? 

4N 

P 

4.302 

1.26 

1.04 

0.76 

0.62 

3.8 

3.1 

7,6 

6.2 41 

-14 

9P 

4N 

P 

3.858 

1.36 

1.07 

0.82 

0.64 

4.1 

3.2 

8.2 

6.4 23 

-23 

6P 

6N 

A 

4.361 

1.30 

1.04 

0.78 

0.62 

3.9 

3.1 

7.8 

6.2 37 

-12 

9P 

4N 

C 

4.677 

0.72 

1.01 

0.45 

0.60 

2.3 

3.0 

4.5 

6.0 23 

-6 

6P 

2N 

D 

4.344 

0.94 

1.03 

0.56 

0.62 

2.8 

3.1 

5.6 

6.2 51 

-13 

IIP 

4N 

D 

4.209 

0.95 

1.05 

0.57 

0.63 

2.9 

3.2 

5.7 

6,3 47 

-16 

lOP 

5N 

P 

4,627 

1.12 

1.01 

0.67 

0.61 

3.4 

3.0 

6.7 

6.1 26 

-7 

7P 

3N 

D 

4.224 

1.27 

1.04 

0.71 

0.62 

3.5 

3.1 

7.1 

6.2 31 

-15 

8P 

5N 

B 

4.493 

1.25 

1.02 

0.75 

0.61 

3.8 

3.1 

7,5 

6.1 38 

-10 

9P 

4N 

0 

4.214 

1.32 

1.04 

0.79 

0.62 

4.0 

3.1 

7.9 

6.2 31* 

-16 

8P 

5N 

E 

4.488 

1.29 

1.02 

0.77 

0.61 

3.9 

3.1 

7,7 

6.1 38 

-10 

9P 

4N 

D 

4.816 

0.73 

1.00 

0.45 

0.60 

2.3 

3.0 

4.5 

6.0 8 

-3 

3P 

IN 

D 

4.472 

0.96 

1.02 

0.58 

0.62 

2.9 

3.1 

5.8 

6.2 30 

-10 

7P 

3N 

D 

4.620 

0.95 

1.01 

0.58 

0.62 

2.9 

3.1 

5.8 

6.2 34 

-7 

8P 

2N 

P 
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Tifale 10>9 (eoBtlrawd) 


dianeter^ tachea lOOx 

fonwla S radius, A eaall Bedlw larfe char(« color type an*le 
S XSXBXBXSXEX 


146 N,F, 5.295 0.71 0.74 0.43 0.44 2.1 

147 PFs 5.020 0.92 0.73 0,35 0.43 2.8 

14S PF, 3.252 0.91 0.74 0.33 0.44 2.7 

149 AsFj 5.221 1.08 0.74 0.63 0.44 3.2 

150 SbFj 5.031 1.22 0.73 0.73 0.43 3.7 

151 BlFj 4.951 1.26 0.76 0.76 0.46 3.8 

152 OPa 3.364 0.71 0.73 0.43 0.44 2.1 

153 SF4 5. 376 0.93 0.74 0.36 0.44 2.8 

134 SP* 5,481 0.93 0.73 0.60 0.44 3.0 

133 SaF,A S.438 0,93 0,73 0.60 0.44 3.0 

156 SeP* 5,306 1,07 0.73 0.64 0.44 3.2 

157 SeaPae 5.468 1,07 0,73 0.64 0.44 3.2 

158 TePa 5.313 1.18 0.74 0.71 0.44 3.3 

J591fta‘'i6 3*323 1.18 0.74 0.71 0.44 3.3 

160 GIF 5.325 0.97 0.74 0.60 0.44 3.0 

161 ClFa 5.534 0.95 0.73 0.57 0.44 2.9 

162 BrPa 5.417 1.07 0.74 0.64 0.44 3.2 

163 BrF, 5.526 1.07 0.73 0.64 0.44 3.2 

164 IFa 5.376 1.19 0.74 0.71 0.44 3.6 

165 IFr 5.467 1.18 0.73 0.71 0.44 3.5 

166 ZnFa 4.545 1.12 0.78 0.67 0.47 3.4 

167 CdP, 4.407 1.24 0,79 0.74 0.48 3.7 

168 HgPa 4.593 1.28 0.78 0.77 0.47 3.8 


2.2 4.3 4.4 18 -9 

2.3 3.5 4.5 44 -15 10? 5N D 104 

2.2 5.5 4.4 50 -10 11? 4N F 

2.2 6.5 4.4 32 -11 87 4N D 102 

2.3 7.3 4.5 43 -14 10? 4K D 

2.3 7.6 4.6 48 -16 10? 5N 2 

2.2 4.3 4.4 7 -4 3? 2N D 

2.2 3.6 4.4 30 -8 8? 3N P 

2.2 6.0 4.4 32 -5 8? 2N P 

2.2 6.0 4.4 32 -6 87 2N P 

2.2 6.4 4.4 29 -5 77 2N F 

2.2 6.4 4.4 28 -6 77 2N P 

2.2 7.1 4.4 44 -7 107 3N 7 

2.2 7.1 4.4 43 -9 107 3N P 

2.2 6.0 4.4 9 -9 37 3)1 A 

2.2 5.7 4.4 13 -4 47 2K P 

2.2 6.4 4.4 20 -7 6? 3N P 

2.2 6.4 4.4 23 -3 67 2N P 

2.2 7.1 4.4 38 -8 97 3N P 

2.2 7.1 4.4 40 -6 9P 2N P 

2.3 6.7 4.7 48 -24 107 BN B 

2.4 7.4 4.8 34 -27 11? TH B 

2.3 7.7 4.7 46 -23 107 6N B 
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Table 10-11 


BINARY BROMINE COMPOUNDS: DA'K PDR MODEL CONSTRUCTION 


fernula 

S 

radius . A 



E 

X 

217 HBr 

4.010 


1.19 

218 LlBr 

1.830 

0.76 

1.55 

219 NaBr 

1.781 

1.03 

1.56 

220 KBr 

1.593 

1.49 

1.62 

221 RbBr 

1.546 

1.63 

1.63 

222 CsBr 

1.489 

1.83 

1.65 

223 BeBra 

3.397 

0.73 

1.25 

224 MgBra 

3,175 

0.96 

1.29 

225 CaBta 

2.925 

1.24 

1.32 

226 SrBrj 

2.826 

1.36 

1.34 

227 BaBr, 

2.756 

1.50 

1.35 

228 BBr, 

4.031 

0.73 

1.19 

229 AlaBr* 

3.664 

0.95 

1.23 

230 CjBra 

4.163 

1.15 

1.17 

231 InBt, 

4.038 

1.29 

1.19 

232 TlBr 

3.699 

1.38 

1.19 

233 TlBca 

4.094 

1.34 

1.17 

234 CBr4 

4.371 

0.74 

1.15 

235 SlBt4 

4.060 

0.96 

1.19 

236 GeBr* 

4.324 

1.15 

1.16 

237 SnBra 

3.992 

1.29 

1.19 

238 SiiBr^ 

4.200 

1.27 

1.17 

239 PbBr, 

3.983 

1.35 

1.17 

240 iBrj 

4.198 

0.98 

1.17 

241 Mr, 

4.305 

0.97 

1.16 

242 AsBr, 

4.366 

1.14 

1.15 

243 SbBfj 

4.203 

1.28 

1.17 


diaoeter, inches 


SBuill eedium large 


E 

X 

£ 

X 

S 

X 

0.20 

0.72 

1.0 

3.6 

2.0 

7,2 

0.46 

0.93 

2.3 

4.7 

4.6 

9.3 

0.65 

0.94 

3.2 

4.7 

6.5 

9.4 

0.89 

0.97 

4.5 

4.9 

8.9 

9,7 

0.98 

0.98 

4.9 

4.9 

9.8 

9.8 

I.IO 

0.99 

5.5 

5.0 

11.0 

10.0 

0.44 

0.75 

2.2 

3.8 

4.4 

7.5 

0.58 

0.76 

2.9 

3.8 

5.8 

7.6 

0.74 

0.79 

3.7 

4.0 

7.4 

7.9 

0.82 

0.80 

4.1 

4.0 

8.2 

8.0 

0.90 

0.81 

4.S 

4.1 

9,0 

8.1 

0.44 

0.71 

2.2 

3.6 

4.4 

7,1 

0,57 

0.74 

2.9 

3,7 

5,7 

7,4 

0.69 

0.70 

3.5 

3.5 

6,9 

7.0 

0.77 

0.71 

3.9 

3.6 

7.7 

7.1 

0.83 

0.71 

4.1 

3.6 

8,3 

7,1 

0,80 

0.70 

4.0 

3.5 

8.0 

7,0 

0.44 

0.69 

2.2 

3.5 

4.4 

6.9 

0.58 

0.71 

2.9 

3.6 

5,8 

7.1 

0.69 

0,70 

3.5 

3.5 

6.9 

7.0 

0.77 

0.71 

3.9 

3.6 

7.7 

7.1 

0.76 

0,70 

3.8 

3.5 

7.6 

7.0 

0.81 

0,70 

4.1 

3.5 

8.1 

7,0 

0.59 

0,70 

2.9 

3.5 

5.9 

7.0 

0.58 

0,70 

2.9 

3.5 

5.8 

7.0 

0.68 

0.69 

3.4 

3.5 

6.8 

6.9 

0,77 

0.70 

3.8 

3.5 

7.7 

7.0 


lOOx 

charge color type angl 
B X E X 

12 -12 4P 4N A 

61 -61 12P 12N A 

62 -62 12P 12N A 

66 -66 12P 12N A 

67 -67 12P 12N A 
69 -69 12P 12N A 

51 -26 IIP 7N B 
61 -31 12P 8N B 
72 -36 12P 9N B 
76 -39 12P 9N B 
SO -40 12P 9N B 
34 -11 8P 4N C 
59 -20 IIP 6N P 
25 -8 7P 3N P 

33 -11 8P 4N E 
11 -11 4P 4N A 

18 -6 5P 2N E 

14 -4 4P 2N D 

42 -11 9P 4N D 

19 -5 5P 2N D 

25 -12 6P 4N E 

30 -8 8P 3N D 

14 -7 4P 3N E 

23 -8 6P 3N D 101 

25 -5 7P 2N P 

8 -3 3P IN D 101 

22 -7 6P 3N D 
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Table 10-10 (continued) 


dimeter. Inches lOOx 

fetmuta S radius, A snsll »edlnB large charge color type angle 

E XE X B XEXEXEX 

199 AsCl, 4.631 1,12 1.01 0.67 0.61 3.4 3.0 6,7 6.1 18 -6 3P 2K 0 100 

200 SbCla 4.4S2 1.25 1.02 0.7S 0.61 3.8 3.1 7.3 6.1 29 -10 7P 4N D 

201 Bid, 4.411 1.30 1,03 0,78 0.62 3.9 3.1 7.8 6.2 34 -11 BP 4N D ICO 

2CC C1,0 5.021 0.9 8 0.74 0.39 0.44 2.9 2.2 3.9 4.4 2 -4 IP 2N D 

203 SaCl, 4.301 0.99 1.02 0.60 0.60 3.0 3.0 6.0 6.0 9 -9 3P 3N F 

204 SCla 4.640 0.98 1.01 0.60 0.60 3.0 3.0 6.0 6.0 13 -6 4 P 2N D 102 

205 SeaCla 4.577 1.13 1.02 0.68 0.61 3.4 3.1 6.8 6.1 8 -8 3P 3N F 

206 SeCl, 4.785 1.12 1.00 0.67 0.60 3.4 3.0 6.7 6.0 13 -3 4? IH P 

207 T6CI4 4.634 1.25 1.01 o.73 0.61 3.8 3.0 7.3 6.1 26 -7 7P 3N P 

208 CIP 3.323 0.97 0.74 0.60 0.44 3.0 2.2 6.0 4.4 9 -9 3P 3N A 

209 CIF) S.S33 0.96 0.73 0.38 0.44 2.9 2.2 5.8 4.4 13 -4 4P 2N P 

210 BtCl 4.727 1.12 1.01 0,67 0.61 3.4 3.0 6.7 6.1 4 H 2P 2N A 

211 Id 4.331 1.27 1.03 0,76 0.62 3.8 3.1 7.6 6.2 13 -13 4P 4M A 

212 Ida 4.631 1.23 1.01 0,73 0.61 3.8 3.0 7.5 6.1 19 -7 3 P 3N P 

213 Zsda 4,10 1.16 1.03 0,70 0.64 3.5 3.2 7.0 6.4 36 -18 87 SN B 

214 CdCla 3.977 1,28 1.06 0,77 0.64 3.8 3.2 7,7 6.4 41 -21 9P 6N B 

213 Hgda 4.143 1.33 1,03 0,80 0.60 4.0 3.0 8.0 6.0 34 -17 8P 3N B 

216 Hgada 3.801 1.37 1.08 0,82 0.63 4.1 3,2 8.2 6.3 24 -24 6P 6N B 
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Tsble 10-12 


BIKARY IODINE COMPOUNDS: DATA FOR MODEL CONSTRUCTION 

dianeter, inches lOQx 

fernula S radius, A snail nediua large charge cplor type angle 




£ 

X 

£ 

X 

£ 

X 

B 

X 

£ X 

£ 

X 


254 HI 

3.692 


1.35 

0.22 

0.81 

1.1 

4.1 

2.2 

8.1 

4 -4 

IP 

IN 

A 

255 lil 

1.685 

0.78 

1.76 

0.47 

1.06 

2.3 

5.3 

4.7 

10.6 

S3 -53 

IIP 

IIN 

A 

256 Nal 

1.639 

1.11 

1.77 

0.67 

1.06 

3.3 

5.3 

6.7 

10.6 

54 -54 

IIP IIN 

A 

257 « 

1.466 

1.53 

1.84 

0.92 

1.10 

4.6 

5.5 

9.2 

11.0 

58 -58 

IIP 

IIN 

A 

258 Rbl 

1.427 

1.68 

1.86 

1.01 

1.12 

5.0 

5.6 

10.1 

11.2 

59 -59 

IIP 

IIN 

A 

259 Csl 

1.372 

1.88 

1.88 

1.13 

1.13 

5.6 

5.6 

11.3 

11.3 

61 -61 

12P 

12N 

A 

260 Bel, 

3.042 

0.77 

1.44 

0.46 

0.86 

2.3 

4.3 

4.6 

8.6 

39 -19 

9P 

5N 

B 

261 Mgl, 

2.844 

1.01 

1.47 

0.61 

0.88 

3.0 

4.4 

6.1 

8.8 

48 -24 

lOP 

6N 

B 

262 Cal, 

2.620 

1.28 

1.52 

0.77 

0.91 

3.8 

4.6 

7.7 

9.1 

60 -30 

12F 

8N 

B 

263 Sri, 

2.531 

1.40 

1.54 

0.84 

0.92 

4.2 

4.6 

8.4 

9.2 

64 -32 

12P 

BN 

B 

264 Bal, 

2.468 

1.56 

1.55 

0.94 

0.93 

4.7 

4.7 

9.4 

9.3 

67 -34 

12P 

eN 

B 

265 BI, 

3.562 

0.76 

1.36 

0.46 

0.82 

2.3 

4.1 

4.6 

8.2 

20 -7 

6P 

3N 

C 

266 A1,I, 

3.237 

1.00 

1.41 

0.60 

0.85 

3.0 

4.2 

6.0 

8.5 

44 -15 

lOP 

5N 

F 

267 Gal, 

3.677 

1.20 

1.35 

0.72 

0.81 

3.6 

4.1 

7.2 

8.1 

12 -4 

4P 

2N 

C 

268 Inl, 

3.567 

1.34 

1.36 

0.80 

0.82 

4.0 

4.1 

8.0 

8.2 

20 -7 

6P 

3N 

C 

269 Tli 

3.406 

1.42 

1.35 

0,85 

0. 81 

4.3 

4.1 

8.5 

8,1 

11 -11 

4P 

4N 

A 

270 Til, 

3.617 

1.39 

1.34 

0.83 

0.80 

4.2 

4.0 

8,3 

8.0 

6 -2 

2P 

IN 

£ 

271 Cl^ 

3.830 

0.77 

1.34 

0.46 

0.80 

2.3 

4.0 

4,6 

8.0 

1 0 

0 

0 

D 

272 Sil, 

3.557 

1.00 

1.36 

0.60 

0.62 

3.0 

4.1 

6.0 

8.2 

28 -7 

7P 

3N 

D 

273 Gel, 

3.789 

1.20 

1.34 

0.72 

0.80 

3.6 

4.0 

7.2 

8.0 

5 -1 

2P 

0 

D 

274 Sal, 

3.576 

1.34 

1.36 

0.40 

0.82 

4.0 

4.1 

8.0 

8.2 

13 -6 

4P 

2N 

S 

273 Sal, 

3.678 

1.33 

1.35 

0.40 

0. 81 

4.0 

4.1 

8.0 

8.1 

16 -« 

5P 

2N 

D 

276 pbi^ 

3.567 

1.40 

1.36 

0.84 

0.82 

4.2 

4.1 

8.4 

8.2 

13 -7 

4P 

3N 

£ 

277 PI, 

3.709 

1.02 

1.35 

0.61 

0.81 

3.1 

4.1 

6.1 

8.1 

10 -3 

4P 

IN 

D 

278 Aal, 

3.857 

1.19 

1.33 

0.71 

0.80 

3.6 

4.0 

7.1 

8.0 

-1 o 

0 

0 

D 

226 Sbl, 

3.716 

1.33 

1.35 

0.80 

0.81 

4.0 

4.1 

8.0 

8,1 

9 -3 

3P 

IN 

D 

2*0 Bil, 

3.658 

1.38 

1.35 

0.83 

0.80 

4.1 

4.1 

8.3 

8.0 

12 -4 

4P 

2N 

D 


1^ 



TAtle 1(^11 (cMtlAued) 


formla 

S 

radius. A 

B X 

diasMter. Inches 
snail nedlin 
£ X E X 

large 

E X 

lOOx 
charge 
E X 

color 
£ X 

type angle 

244 SiBr, 

4.140 

1.33 

1.16 

0.80 

0.70 

4.0 

3.5 

8.0 

7.0 

14 

-5 

4? 

2W 

0 

245 S,Bra 

4.314 

1.00 

1,16 

0.60 

0.70 

3.0 

3.5 

6.0 

T.O 

5 

-5 

2P 

2N 

F 

246 SeaBr, 

4.387 

1.15 

1.15 

0.69 

0.69 

3.5 

3.5 

6.9 

6.9 

3 

-3 

IP 

IN 

P 

247 TeBt4 

4.331 

1.27 

1.16 

0.76 

0.70 

3.8 

3.3 

7.6 

7.0 

18 

-S 

5P 

2N 

F 

245 BrCl 

4.727 

1.12 

1.01 

0.67 

0.60 

3.4 

3.0 

6.7 

6.0 

4 

-4 

2P 

2N 

A 

249 BiFa 

5.417 

l.OT 

0.74 

0.64 

0.44 

3.2 

2.2 

6.4 

4.4 

20 

-7 

6P 

3N 

P 

250 BrFa 

5,526 

1.0? 

0.73 

0.64 

0.44 

3.2 

2.2 

6.4 

4.4 

23 

-5 

6P 

2M 

P 

2S0» IBr 

4.171 

1.29 

1.17 

0.77 

0.70 

3.9 

3.3 

7,7 

7.0 

8 

-8 

3P 

3N 

A 

251 ZaBr, 

3.877 

1.18 

1.20 

0.71 

0.72 

3.5 

3.6 

7.1 

7.2 

30 

-IS 

8P 

5N 

B 

252 CdBta 

3.760 

1.30 

1.21 

0.78 

0.73 

3.9 

3.6 

7.8 

7,3 

35 

-17 

8P 

5N 

B 

253 HgBta 

3.917 

1.36 

1.20 

0.82 

0.72 

4.1 

3.6 

8.2 

7.2 

27 

-14 

7P 

4N 

B 
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7U>le 10<13 


BINARY SULFUR COMPOUNDS: DA^ FOR MODEL CONSIRUCTION 


fotnula S 

radios, X 


E 

X 

290 HaS 3.728 


1.05 

291 LijS 1.310 

0.94 

1.54 

292 NajS 1.263 

1.27 

1.56 

293 XjS 1.088 

1.70 

1.64 

294 RbaS 1,050 

1.87 

1.66 

295 CsaS 0.996 

2.10 

1.63 

296 BeS 2,801 

0.79 

1.16 

297 MgS 2.533 

1.04 

1.20 

298 CaS 2,240 

1.35 

1.24 

299 SrS 2.126 

1.49 

1.26 

300 BtS 2,(M6 

1.66 

1.28 

301 BjSa 3,343 

0.77 

1.08 

302 AlaS, 3,043 

1.02 

1.13 

303 CajS, 3.733 

1.20 

1.05 

3« loiSa 3.556 

1.34 

1.07 

305 Tl,s 3.347 

1.43 

1.10 

506 TlaSj 3.633 

1.39 

1,07 

CSa 4.000 

0,76 

1.03 

303 Sis, 3.536 

1.01 

1.08 

509 GeSa 3.928 

1.19 

1.03 

310 SnS 3.589 

1.34 

1.07 

311 SnSj 3,741 

1.33 

1.05 

3U PbS 3.558 

1.40 

1.06 

S 4 N 4 4.295 

0.98 

0.76 

3,875 

1.00 

1.04 

^^3 ** 48 * 4,009 

1.18 

1.03 

*5484 4,tE9 

1,18 

1.03 

SbjSj 3,798 

1.32 

1.04 

3.700 

1.38 

1.06 

3,416 

1.23 

1.08 

3.263 

1.37 

1,10 

3.471 

1.41 

1.08 


dlaaeter, inches 
sull nedlun Isrge 


E 

X 

£ 

X 

£ 

X 

0.20 

0.63 

1.0 

3.2 

2.0 

6.3 

0.56 

0.92 

2.8 

4.6 

5.6 

9.2 

0.76 

0.94 

3.8 

4.7 

7.6 

9.4 

1.02 

0.98 

S.l 

4.9 

10.2 

9.8 

1.12 

1.00 

5.6 

5.0 11.2 

10.0 

1.26 

0.98 

6.3 

4.9 

12.6 

9.8 

0.47 

0.70 

2.4 

3.5 

4,7 

7.0 

0.62 

0.72 

3.1 

3.6 

6.2 

7.2 

0.82 

0.74 

4.1 

3.7 

8.2 

7.4 

0.90 

0.76 

4.5 

3.8 

9.0 

7,6 

1.00 

0.77 

5.0 

3.8 

10.0 

7,7 

0.46 

0.65 

2.3 

3.2 

4.6 

6.5 

0.61 

0.68 

3.1 

3.4 

6.1 

6.8 

0.72 

0.63 

3.6 

3.2 

7,2 

6.3 

0.80 

0.64 

4.0 

3.2 

8.0 

6.4 

0.86 

0.66 

4.3 

3.3 

8.6 

6.6 

0.83 

0.64 

4.2 

3.2 

8.3 

6.4 

0.44 

0.62 

2.2 

3.1 

4.4 

6.2 

0.60 

0.65 

3.0 

3.2 

6.0 

6.5 

0.71 

0.62 

3.6 

3.1 

7.1 

6.2 

0.80 

0.64 

4.0 

3.2 

8.0 

6.4 

0.80 

0.63 

4.0 

3.2 

8.0 

6.3 

0.84 

0.64 

4.2 

3.2 

8.4 

6.4 

0.59 

0.46 

2.9 

2.3 

5.9 

4.6 

0.60 

0.62 

3.0 

3.1 

6.0 

6.2 

0.73 

0.60 

3.8 

3.0 

7.5 

6.0 

0.71 

0.62 

3.5 

3.1 

7.1 

6.2 

0.79 

0.62 

4.0 

3.1 

7,9 

6.2 

0.83 

0.50 

4.1 

2.5 

8.3 

5.0 

0.74 

0.65 

3.7 

3.2 

7.4 

6.5 

0.82 

0.66 

4.1 

3.3 

8.2 

6.6 

0.84 

0.50 

4.2 

2.5 

8.4 

5.0 


lOOx 

charge color type angle 

E X E X 
5 -9 2P 3N D 

32 -66 8P 12N £ 

33 -66 8P 12N B 

35 -69 8P 12N £ 

36 -71 9P 12N E 

36 -72 9P 12N £ 

31 -31 8P 8N B 

37 -37 9P 9N E 
44 -44 lOF ICM E 
46 -46 lOP ICN E 
48 -48 lOP ICW B 
20 -13 6P 4N E 

38 -25 9P 6N B 
13 -9 4P 3N B 
20 -13 6P 4N E 

9 -18 3P 5K 2 

17 -11 5P 4N E 
5 -3 2P IN 2 

27 -13 7P 4N E 
9 -4 3P 2N B 
13 -13 4P 4N B 

18 -9 5P 3N a 

13 -13 4P 4N B 

4 -4 2P 2N B 

14 -6 4P 2N P 

2 -2 IP IN B 

3 -2 IP IN B 

11 .7 4P 3N B 

14 -10 4P 4N B 
16 -16 5P 5N E 
20 -20 6P 6N B 

15 -15 5P 3N * 
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Tible icm2 (coBtiaued) 


dliaetetf Inches lOQs 

fonuls S ctdias, A snail neditn large charge color type angle 
B X B X BXSXEXEX 

281 Tei4 3.795 1.33 1.34 0.80 0.80 4.0 4.0 8.0 8.0 4 >1 2P 0 P 

282 IF, 5.376 1.19 0.74 0.71 0.44 3.6 2.2 7,1 4.4 37 -7 9P 3N F 

283 IFr 5,467 1,18 0.73 0.71 0.44 3.5 2.2 7.1 4.4 40 -6 9P 2N P 

284 ICl 4.351 1.27 1.04 0.76 0.62 3.8 3.1 7.6 6.2 13 >13 4P 4N A 

285 ICl, 4.631 1.25 1.01 0.75 0.61 3.8 3.0 7.5 6.1 20 -7 6P 3N F 

286 IBr 4.171 1,29 1.17 0.77 0.70 3.9 3.5 7.7 7.0 8 .8 3P 3M A 

287 Znl, 3.472 1.22 1.38 0.73 0.83 3.7 4.1 7.3 8.3 18 -9 5P 3N B 

288 Cdl, 3.368 1.35 1.39 0.81 O.83 4.1 4.2 8.1 8.3 23 -12 6P 4N B 

289 Hgl, 3.712 1.38 1.35 0.83 0.81 4.1 4.1 8.3 8.1 6 -3 2P IN B 
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Tablo 10-17 


SOME COMPOUNDS HAVIHC ZINC BLENDE STHUCTURB 


CuCl 

BeO 

AlP 

Gap 

InSb 

ZnS 

CdS 

HgS 

CuBr 

BeS 

AlAe 

GaAs 

SiC 

ZnSe 

CdSe 

HgSe 

Cul 

BeSe 

AlSb 

GaSb 


Znlfe 

CdTb 

HgTe 


Agl BeTe 


Table 10-lS 

SCHE COMPOUNDS HAVING WURT21TE STBUCTVRE 


BeO 

ZnO 

CdS 

LCoE 

TaN 

Mglt 

ZnS 

CdSe 

Agl 

MnS 

NH 4 F 

ZoTe 





Table 10-19 

SCIHS COKPDmCS HAVING FLUORITE <C«Fa> OR AKTIFlIXmiTS STRUCTIRE 


LijO 

CeOa 

CaFa 

MgaSl 

LiaS 

CuaS 

NajO 

ZrOj 

SrFa 

MgzSn 

NaaS 

CujSe 


HfOj 

BaFa 

HgaPb 



Rb,0 

PrC^ 

PbFa 





TbOj CdFj 

UOj 

NpOa 

PuOa 

AaO] 
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Table ID-U 


SOME COMPOUNDS HAVING ROCK SALT (NaCl) STRUCTURE 
LIP LiCl LiBr Lil LiH KgO MgS HgSe Calb NbC HbN IO» 

N»F NaCl NaBr N»I H«H C»0 CaS CaSe SrTe TiC CrK SnSb 

KF KCl RBr II tH SrO StS SrSe BaTe VC ScN SnAs 

RbP RbCl RbBr Rhl RbH BaO BaS BaSe PbTe 2rC TIN 

CsP AgCl AgBr NH 4 I CaH PeO MnS PbSe SnTe VN 

AgP NH 4 CI NH*Br CoO PbS MnSe ZrN 

NIO 
CdO 
TiO 
ItaO 

Table 20-15 

SOME COMPOUNDS HAVING CBSIUM CHLCRIDE STRUCTURE 


m^ci 

NK4Br 

NH 4 I 

MfAg 

CuPd NiAl 

CaCl 

CsBr 

Csl 

OJAg 

CuZn TlSb 

■nci 

TlBr 

Til 

ZnAg 

TlBi 


Table 10-16 

SOKE COMPOUNDS HAVING THE NICKEL ARSENIDE (NiAs ) STRUCTURE 

AoSn CrS FeS »tatAs NiSb PdSb 

CoS CrSb FeSb IfciSb HlSe PdTb 

CoSb CrSe FeSe »biie NiSn PtSb 

CoSe CrTe Felb NiAs NiTb PtSn 

CoTe CuSn FeSn NiS NiBi PtBi 


16 b 



Table 10-22 

LOGARITHMS 



167 















Table 10-20 


AgaP 


SOME CCWPODSDS HAVING 
CaCla Cdefomed) 

StCla (dcforaed) 

ZnFs 

MgPa 
MnPa 
FePa 
C0P3 
NlPa 

Table 10-21 

SOKE COMPOUNDS HAVING lAITR STRUCTURES 


ZnCla 

MgBta 

Hnia 

CaCClDa 

TiSa 

TiSea 

TiTea 

CdCla 

CdBta 

Pel, 

Co<CW>a 

SnSa 

ZrSea 

PtTea 

FeCla 

HnBra 

Cdia 

Mn(CH)a 

ZtSg 


PdXca 

MhCl, 

FeBr, 

Pbla 

Nl«H)a 

PtSa 



MgCla 



^(OH)a 





RUTHS (liO^) STROCTDRE 


WOa 

NbOa 

IrOa 

OsOa 

SnOa 

FbOa 

RuOa 

TeOa 
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INDEX 


Nrte: Reference to photos of the book Data for constiuo 

spondmg to the photo section near the Mn ^ oPy „dnxed here are 

ton of models of many binary “nonmetal” here, 

toed m the tables begimung ^odeh ” T indicates a table 

for example, oxygen compounds, data lor 


Acetate ion, B-16, C-6 
construction, 120 
Acetic acid, B-16, C-6, C-14 
construction, 

Acetylene, C-14 
construction, 114 
Acid-base properties of oxides, 66 
Acids, aqueous, 53 
Acids, organic, strengths of, 88 
Acid strength, 55 
Addition compounds, 85 
Aluminum, C-1, C-2 
Aluminum borohydride, C-10 

construction, 118 -- 

Alummum bromide, construction. 
Aluminum chloride, C-11 
construction, 116 

Alummum hydride, C-9 ^ 

Aluminum iodide, construction. 
Aluminum ion, hydrated, C-13 
construction, 118 
Aluminum oxide, B-12, C-7 


construction, 126 
prediction of, 63 
Amide ion, C-13 
Ammonia, B-16, C-9, C-13, 5o 


prediction of, 72 
Ammonium ion, B-16, C-13 

Aniline, construction, 121 
Antifluoritc lattice, construction, 

Antimony, C-1, C-2 
Antimony hydride, C-9 


126 


Antimony oxide, construction of 

Sb406, 112 

SboOs, C-7 

Antimony sulfide, SbjSa, construction, 
117 

Argon, C-1, C-2 
Arsemc, C-1, C-2 
Arsenic hydride, C-9 
Arsenic oxide, As40e, construcbon, 
112 

AS205> C-7 

Arsemc sulfide, AS4S4, C-13 
construction, 117 
AS4S6, construction, 117 
AsDinn. C-16 


Astatine, C-1, C-2 c- 

Alomic models, construction, T 10-5 
description of first ten, 2 
justification of, 16 
uses m teaching, 3 
Atoms, ground state of, 6 
relative sizes of, 3 


Barium, C-1, C-2 
Banum hydride, C-9 
Banum oxide, C-7 
Base strength, 55 
Bases, aqueous, 53 
Benzene, C-14 
construction, 114 
Beryllium, B-6, C-1, C-2 



Table 10-22 (continued) 


LOGARITHMS 



168 




INDEX 
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Color scale for electronegativity and 
partial charge, T 10-3 
Complex ions, 86 
electronegativity in, 29 
Connectors for models, 102 
Coordinate covalence, 7 
Cortisone, C-16 
construction, 122 
Corundum structure, B*12 
construction, 126 

Covalence, directional nature of, 6 
Covalent radii, vs van dcr Waals, 21 
Crystal coordination, 85 
Cubic close packing, B-5 

d-orbilal model, 15 
DDT, C-15, construction, 122 
Decaborane, C-10 
Diamond, B 2, B-6, 33, 38 
construction, 109 
Diborane, C-9 

Dibromomethane, construction, 118 
Dichlorodifluoromethane, construe- 
bon, 119 

Dichloromethane, construction, 119 
Uiliuoromethane, C-14, 119 
Dimethylether, C-14. 120 
DimeAylsulfide. construcUon, 121 
perHuoromethylether, 120 

jJireclional nature of bonds. 6 
J^onor acceptor acUon, 45 
^0^ >ce, C-4 


Dlecbonegativity, 8 

color scale for, T 10 3 
0 compounds, data for calculation 

of, T 2 1 


f complex ions, 29 
rom electronic density, 25 
EIp calculation of, 27 

0 onegativity equaUzation, p: 
£, Pkof,27 

®^^onic configurations of eleir 


density, 25 
energy levels, S 
Elem ““dels, 103 
stat*^*^ pEysical properties of, 

^ 14 construction, 114 


Ethyl alcohol, C-14 
construction, 120 
Ethyl nmme, construction, 121 
Ethyl mercaptan, construction, 121 
Etliylcnc, C-14 
construction, 115 


racc-ccnlcrcd cubic, B 5, 128 
riuondes, periodicity of, 83 
riuonnc, B-1, B 6, C 1, C-2, 35, 38 
chemistry of, 81 

Fluonnc compounds, data for models 
of, T 10 9 

riuonle lattice, B 13 
compounds of, T 10-19 
construction, 126 
riuoroform, C-14 
Formaldehyde, C 14 
construction, 119 
Formic acid, C 14 
construction, 119 
Freon, construction, 119 
Functional groups, 87 

Gallium, C-1, C 2 
GalUum bromide, construction, 117 
Gallium chloride, construction, 116 
GaDium hydride, C-9, construction, 
114 

Gallium oxide C 7 
Germanium, C 1, C 2 
Germanium hydride, C 9 
Germanium oxide, C 7 
Glue, 102 

Graphite, B 2, 33, 38 
construction, 109 
Ground state of atoms, 6 
Guanidine, construction 120 


ogens, chemistry of, 78 

onstruction, 110 

,un. B 1, B 6, B 16. C 1, C 2 109 
eptane. C 14, construcUon, 115 
aBuoroelhane, construction, 115 
:agonal packing, B 4, 128 
)ridization, 6 


razine, C 13 
nstruebon, 115 
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INDEX 


Berynium chloride, C-11 
Beryllium fluonde, C-11 
Beryllium hydride, C-9 
prediction of, 71 

Beryllium ion, hydrated, construction, 
118 

Beryllium oxide, C-7 
predicbon of, 61 
Bibliography, 129 
Bicarbonate ion, construchon, 119 
Bifluoride ion, (>13, 82 
Binary compounds, construction, 110 
student exercise on, 94 
Bismuth, G-1, 02 
Body-centered cubic, B-7, 128 
Bond length factors, T 2-3 
Bonds, locating, on models, 104 
Borazene, OlO 
construction, 118 
Borohydnde ion, C-10 
Boron, B 6, 01,0 2,33 
construction, 109 
properties, 38 
Boron trichloride, C-11 
B2CI4. 0-12. 116 
B4CI4, C-12. 116 
Boron tnfluonde, Oil, 82 
dimethyletherate, C-11, 124 
B2F4, construction, 115 
Boron hydride, B2Hg, C-9 
construction, 113 
prediction of, 71 
B4 H,o. 010, 113 
BsHp, C 10, 113 
BioHu. 010,114 
Boron oxide, C 7 
prediction of, 61 
Bromides, 84 
Bromine, C 1, C 2, 39 
Bromme compounds, data for models, 
TIO 11 

Bromine fluonde, BrFp, construcbon, 
116 

BrFg, construction, 116 
Broroosilane, construction, 118 


Cadmium, Ol, C-2 
Cadmium hydnde, 09 
Cadmium oxide, 07 


Calcium, C-1, 02 
Calcium carbonate, 08 
construction, 119 
Calcium fluonde, B-13 
Calcium hydride, C-9 
Calcium hydroxide, 05 
Calcium oxide, 07 
Oirbon, B-2. Ol. 02, 33, 38 
Carbon dioxide, B-16, 07, 014 
construction, 111 
prediction of, 62 
solid, 04 

Girbon monoxide, construction. 111 
Carbon tetrachlonde, B-16, C-11 
Carbon tetrafluonde, Oil, 014 
Carbonate ion, 06 
Construction, 111 

Oirbonyl sulfide, construction, 120 
Cesium, C-1, C-2 
Cesium chlonde lattice, B-8 
Compounds of, T 10-15 
construction, 125 
Cesium hydnde, C-9 
Cesium oxide, C-7 

Charge on atom, effect on radius, 20 
(see "partial charge") 

Chemical equations, visualization of, 
42 

Chloramine, construction, 123 
Chlonc acid, C-6 
Chlonde ion, B-16 

Chlorine. B-1, B-IB, C-1, C-2 Oil, 
39 

chemistry of, 78 

Chlorine compounds, data for models, 
T 20-10 

Chlorine fluonde, CIF, C-11 
CIF3, construction, 116 
Chlonne oxides, 65 
ClaO, C-11 

CIO2, construction, 113 
CIjOt, C-7, construction, 113 
Chloroform, C 14 
construction, 119 
Chlorous acid, C 6 
construction, 122 
Chloric acid, construchon, 122 
ChlorosJane, C-IO 
construction, 123 
Color blmdness, 101 
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Neon, C-1, C-2, 38 

Neutralization, 54 P 

Nickel arsenide lattice, B-9 p 

compounds of, T 10-16 p‘ 

construction, 125 p 

Nitrate ion, B-IB, C-6 p' 

construction, 112 p 

Nitnc acid, B-16, C-6 
construction, 124 

Nitrogen, B-1, B-6, B-16, C-1, C-2, 

34, 38 

construcbon, 109 

Nitrogen chloride, C-11 i 

Nitrogen fluonde, NFg, C-11, 83 ^ 

N2F4, construction, 115 
Nitrogen oxides, prediction of, 62 
NgO, 111 
NO, 111 

N2O3. Ill , 

NO 2 , 112 
NgOs, C-7, 112 
Nitrogen oxyiSuonde, 123 
Nitroglycerin, C-15, 124 
Nomenclature of orgaiuc compounds, 

87 

Nonmetals, 9 
Nonpolar covalence, 11 

Orbitals, atomic, 4 

Orbitals, outer, representation ot, ^ 
Orbital vacancies in models, 103 
Orgamc chemistry, 86, 87 
partial charge m, 87 
Oxidation reduction, 44 
Oxidation series, m models, 00 
Oxides, 60 

acid-base properties of, 66 

C.2. C.7. 

35. 38 

construction, 110 

Oxygen compounds, data for » 

T10 6 

penodicity of, 68 
Oxygen difluonde, C-7 
prediction of, 63 

Painting of models, 101 
Partial ^ga. color scalo for, T IIW 
estimabon of, 28 


on combined atoms, T 10-2 
representation in models, 

Penicillin, C-16 

Pentaborane, C-10 

Perchlorate ion, C-6, 113 

Perchlonc acid, C-6, 123 

Periodic table, construction of, 12 

Penodicity, of hydrogen compounds. 

75 

of fluorides, 83 

ot oxygen compounds, 68 

student exercises on, 63 
teacbmg of, 10 

Phenoxide ion, construction. 12i 
Phosphate ion, C-6 
construction, 112 

Koms^B\c.l.C.2.3S.39 

Ph“pCi"s‘’ ‘bromide, PBrs, construe- 

tion, 117 

phosphorus chlonde. PCI3, C-H 
PCI. C- 11 , construction, 110 
Phosphorus fluonde, PF5, constnio- 

Phosphonis hydnde, PaH,, construe- 

tion, Il5 

see also phosphine 
phosphorus oxide. P«tle, 


rnospiiv— . 

construction, 113 

PjOio. C-7, 112 

Pho^*oms‘'oxybromide. construction, 

Phosphonis oxychlonde, C-13 
construcbon, 123 

Phosphorus oi^uonde, construction, 

PhospW sulfide. PrSio, construe- 
bon, 117 

Phosphorus thiobromide. construction, 

119 

phosphorus thiochlonde, construction, 

123 

Phosphoms thioBuonde, construction, 

124 

Phosphotungstate ion, C-8 
Pipe cleaner connectors. 103 
Polity, relation of, to physical prop- 
ertics, 41 
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Hydrogen, B-1, B 6, B-16, C 1, C-2, 
37 

chemistry of, 70 
construction, 109 
diameters for, T 10-7 
position of, in periodic table, 1-4 
Hydrogen bromide, C 9 
Hydrogen chemistry, penodicity of, 75 
H/drogen chloride, B'16, C-9, C-11 
Hydrogen compounds, chemical prop- 
erties of, 74 
data for models, T 10 8 
physical properties of, 72 
Hydrogen cyanide, construction, 119 
Hydrogen fluoride, B 16, C 9 
prediction of, 72 
Hydrogen iodide, G-9 
Hydrogen peroxide, G 13 
construction, 111 
Hydrogen selenide, C-9 
Hydrogen sulfide, B-16, C-9 
Hydrogen tellunde, C 9 
Hydrolysis, 56 
Hydronium ion, B-16, C-3 
Hydroxide ion, B-16, C-3 
HypocHorous acid, C-6 
construction, 122 

Ice, C-4, 49 
Indium, C-1, C-2 

Indium chloride, construction, 116 

Indium hydnde, C-9 

Indium oxide, C-7 

Inert elements, radu of, 11 

Iodides, 84 

Iodine, C-J, C2,39 

Iodine chlonde, ICI3, construction, 

117 

Iodine compounds, data for models of, 
T 10-12 

Iodine fluorides, construction, 110 
lodme oxide, I2O5, C-7 
Iodoform, construction, 119 
lomc radu, T 10-4 
Isoelectromc senes, 20 
Isomers, 87 
Isooctane, C-14 
construcbon, 115 

Krypton, C-1, C-2 


Layer lattice, B 15 

compounds, T 10 21 
construction, 127 
Lead, C-l, C-2 
Lithium, B-6, C-1, C-2 
Lithium chlonde, C-11 
Liduum hydnde, C-9 
crystal, C-10 
prediction of, 70 
Lithium oxide, C-7 
prediction of, 60 


Magnesium, C-l, C-2 
Magnesium chlonde, C-11 
Magnesium hydride, C-9 
Magnesium oxide, C-7 
predicbon of, 63 
Mercury, C-l, C-2 

Metallic lattice, hexagonal packmg in, 
B-4 

cubic close packing m, B 5 
body-centered cubic, B-7 
Metallic state, 31 
Metals, 9 

listing by structure, T 3-1, 3 2, 

3-3 

Methane, B 16, C-9 
prediction of, 71 
Methyl alcohol, C-14 
construction, 120 
Methyl amme, construction, 120 
Methyl bromide, construction, 118 
Methyl chlonde, construcbon, 119 
Methyl cyanide, construcbon, 120 
Methyl Baonde, C-14 
construcbon, 119 
Methyl iodide, construcbon, 119 
Methyl mercaptan, construction, 120 
Model displays, 95 
Models, assemblmg of, 102 
construcbon of, 97 
by students, 94 
matenals for, 97 
pambng of, 100 
patterns for, 105 
scale of, 97 

steps m construcbon of, 106 
Molecular geometry, 40 
Molecules, condensation of, 42 
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Thallium, C-1, C-2 
Theimal stability, 45 
effect of charge on, 88 
Thionyl bromide, construction, 118 
Thionyl chloride, C-13 
construction, 123 
Thionyl fluoride, construction, 123 
Tin, C-1, C-2 
Tin hydride, C-9 
Tin oxide, SnOg, C-7 
Titanium dioxide, B-14 
Transition metal, model of, IS 
Tribromomethane, construction, 119 
TrichlorosUane, construction, 123 
Trifluoroacetic acid, C-6 
construction, 124 
Trifluoroacetate ion, C-6, 120 
Trifluoromethane, construction, 119 
Trimethylamine, construction, 121 
Trimethylpentane, C-14 
construction, 115 
Trinitrotoluene, TNT, C-15 
construction, 124 

Tri-perfluoromethylamine, construc- 
tion, 121 
Triptane, C-14 
construction, 115 

Valence, student exercise on, 89 
Valence structure of atoms, 6 


Van der Waals radius, in models, 21 
Vehicle, for painting models, 101 
Vitamin A, C-15 
cxjnstmction, 122 

Water, B-16, C-3, C-7, C-9, 49 
and its ions, 47 
ionization equilibrium in, 53 
self -ionization of, 49 
as painting medium, 101 
predicting of, from atomic models, 
47 

Wurtzite structure, B-11 
compounds, T 10-18 
construction, 126 

Xenon, C-1, C-2 

Zinc, C-1, C-2 
Zinc blende structure, B-10 
compounds, T 10-17 
construction, 126 
Zinc chloride (c) , C-12 
construction, 117 
Zinc hydride, C-9 
Zinc hydroxide, C-5 
Zinc oxide, C-7 
Zinc tetrammine ion, C-13 
construction, 124 
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Polonium, C-I, C-2 
Potassium, C-1, C-2 
Potassium hydnde, C-9 
Potassium oxide, C-7 
Protonic bndgmg, 49 
Pyndine, C-14 
construction, 121 

Radius, calculation of, SO 
Radius of combined atoms, data for 
calculation of, T 2-2 
Radius m combmation, T 10-2 
Radius, covalent, 3 
Radius, effect of charge on, 20 
Radu, ionic, T 10-4 
Radius, van dcr Waals, 3 
Radon. C-1, C-2 
Rock salt structure, B-7 
compounds of, T 10-14 
construction, 125 
Rubidium, C*l, C-2 
Rubidium hydnde, C-9 
Rubidium oxide, C-7 
Rutile lattice, B-14 
compounds, T 10-20 
construcbon, 127 

Salts, hydrolysis of, 56 
Selenium, C-1, C-2 

Selenium bromide, Se26r3, construc- 
tion, 117 

Selenium chloride, Se2Cl3, construc- 
tion, 116 

SeCli. construction, 116 
Selenium fluonde, SeFe, 116 
Se2Fj(i, 116 

Selenium oxide, Se02, C-13 
construction, 112 
Se03,C-7 

Shellac as pamtmg medium, 101 
Silicon, C-I, 0-2, 35, 39 
construction, 110 
Silicon chloride, SiCl^, C-ll 
Sl2Cl«, construction, 116 
Sibcon fluonde, S12F0, 115 
Silicon hydnde, S1H4, C-9 
Silicon dioxide, C-7 
prediction of, 64 
Sdyl chlonde, SiHja, C-10 


Sih'erdiaatmine ion, C-IB 
construction, 117 
Sodium, C-1, C-2 
Sodium chlonde, C-ll, C-12 
Sodium fluonde. B-16, C-ll 
Sodium hydnde, C-9 
Sodium ion, 3-16 
Sodium oxide, C-7 
prediction of, 63 
Spnalente, construction, 126 
Stibme, C-9 
Strontium, C-1, C-2 
Strontium hydnde, C-9 
Strontium oxide, C-7 
Student exercises, 89, 93, 94 
Styrofoam suppbers, T 10-1 
Sucrose, C-15 
construction, 121 
Sugar, C-15 
Sulfanilamide, C-16 
Sulfate ion, C-6 
construction, 113 
Sulfur, B 3, C-1, C-2, 30, 39 
construcbon, 110 
Sulfur bromide, construcbon, 117 
Sulfur compounds, data for models, T 
10-13 

Sulfur chlonde, S2CI2, C-ll 
construcbon, 116 
SCI2. C-ll 

Sulfur fluoride, SF4, construcbon, 115 
SFg, C-ll, 83, construcbon, 115 
SjFjo, C-ll, 115 

Sulfur nitnde, S4N4, construcbon, 117 
Sulfur oxides, C-7 
construcbon, 112 
predichon of, 65 
Sulfunc acid, B-16, C-5, C-6 
construcbon, 124 

Sulfuryl chlonde, construcbon, 123 
Sulfiuyl fluonde, construcbon, 123 

Tellurium, C-l, C-2 
Tellurium bromide, construcbon, 117 
Tellunum chlonde, construcbon, 117 
Tellunum fluondes, construcbon, 116 
Tellunum iodide, 117 
Tellunum tnoxide, C-7 
Tempera, use of, 100 
Tetraborane, C-10 
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Thallium, C-1, C-2 
Thermal stability, 45 
effect of charge on, 88 
Thionyl bromide, construction, 118 
Thionyl chloride, C-13 
construction, 123 
Thionyl fluoride, construction, 123 
Tm, C-l, C-2 
Tin hydride, C-9 
Tin oxide, Sn02, C-7 
Titanium dioxide, B-14 
Xtaasiiinn.tiaplal .twxdeJnf Ji? 
Tnbromomethane, construction, 119 
Trichlorosilane, construction, IM 
Tnfluoroacetic acid, C-6 
construction, 124 
Trifluoroacetate ion, C-6, 120 
Trifluoromethane, construction, 110 
Trimethylamine, construction, 121 
Trimethylpentane, C-14 
construction, 115 
Trinitrotoluene, TNT, C-15 
construction, 124 

Tri-perfluoromethylamine, construc- 
tion, 121 
Triptane, C-14 
construction, 115 

Valence, student exercise on, 80 
Valence structure of atoms, 0 
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Polonium, C-1, C-2 
Potassium, C-1, C-2 
Potassium hydnde, C-9 
Potassium oxide, C-7 
Protonic bridging. 49 
Pyridine, C 14 
construction, 121 

Radius, calculation of, , , 

Radius of combined atoms, data tor 
calculation of, T 2-2 
Radius in-combinabon, T 10-2 
Radius, covalent, 3 
Radius, effect of charge on, 20 
Radii, ionic, T 10-4 
Radius, van der Waals, 3 
Radon, C-1, C-2 
Rock salt structure, B-7 
compounds of, T 10-14 
construction, 125 
Rubidium, C*l, C-2 
Rubidium hydnde, C-9 
Rubidium oxide, C-7 
Rutile lattice, B-14 
compounds, T 10 20 
construction, 127 


Silver diammine ion, C-13 
construction, 117 
Sodium, C-1, C-2 
Sodium chlonde, C-11, C-12 
Sodium fluonde, B-16, C-11 
Sodium hydnde, C-9 
Sodium ion, B-16 
Sodium oxide, C-7 
prediction of, 63 
Sphalente, construction, 126 
Stibme, C9 
Strontium, C-1, C-2 
Strontium hydnde, C-9 
Strontium oxide, C-7 
Student exercises, 89, 93, 94 
Styrofoam suppliers, T 10-1 
Sucrose, C-15 
construction, 121 
Sugar, C-15 
Sulfanilamide, C-16 
Sulfate ion, C-8 
constiucbon, 113 
Sulfur, B-3, C-1, C-2, 36, 39 

constiucbon, 110 
Sulfur bromide, construcbon, 117 
Sulfur compounds, data for models, T 
10-13 

Sulfur chlonde, S-CI-, C-11 


Salts, hydrolysis of. 56 
Selenium, C-1, C 2 

Selenium bromide, Se-Bra, construc- 
tion, 117 

Selenium chlonde, SejClj, construc- 
bon, 116 

SeCU. construcbon, 116 
Selenium fluonde, SeFe, 116 
SejFio. 116 ^ 

Selenium oxide, SeO-, C-18 
construcbon, 112 


SeOa.C-? 

Shellac as painbng medium, 101 
Sibcon, C-1, C-2, 35, 39 

constiucbon, 110 

Silicon chlonde, S1CI4, C-U. 

SiaCl*. construcbon, 118 
Silicon fluonde, SisFe* D® 
Silicon h>’dnde, SiH*. C-9 
Silicon dioxide, C-7 
predicbon of, 64 
Silyl cMonde, SiHsCl, C-10 


construcbon, 116 

SClj, C-11 

Sulfur fluonde. SF4, construcbon, 115 
SFo, C-11, 83, construcbon, 115 
S-Fio. C-ll. 115 

Sul^r mtnde, S^N*, construcbon, 117 
Sulfur axides, C-7 
construcbon, 112 

J redicbon of, 65 

unc acid, B-16, C-5, C-6 
constnicbon, 124 

Sulfuiyl dilonde, construcbon, 123 
Sulfuryl fluonde, construcbon, 123 

Tellurium, C-1, C-2 
Tellunumbroimde, construcbon, 117 
Tellunum rdJonde, construcbon, 117 
Tellunum fluondes, construcbon, 116 
Tellunum iodide, 117 
Telhinum tnoxi^ C-7 
Tempera, use of, 100 
Tetraborane, C-10 



